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ABSTRACT
Lizards rely heavily on environmental temperatures to thermoregulate and maintain a
body temperature (Tb) that optimizes physiological function and maximizes surface activity time.
While early research noted the propensity for lizards to thermoregulate by shuttling between
different thermal environments, it was long assumed that evaporative cooling via panting was an
ineffective means of thermoregulation. However, evaporative cooling can potentially lower a
lizard’s Tb significantly below air temperature, and thus allow lizards to extend activity periods
during prolonged heat exposure. In this dissertation, I explore the varying abilities of lizards to
thermoregulate while panting. I describe the metabolic and evaporative water costs of panting for
lizards. Finally, I employ the mechanistic niche model ‘NicheMapR’ to explore the ecological
consequences and evolutionary implications of thermoregulatory panting in lizards. Results from
these studies indicate that panting is a highly important thermoregulation mechanism for lizards
and may significantly affect how species cope with an increasingly warmer world.
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Chapter 1
The functional significance of panting as a mechanism of thermoregulation and its
relationship to the critical thermal maxima in lizards

Caleb L. Loughran1 and Blair O. Wolf1

1

Department of Biology, University of New Mexico

ABSTRACT
Because most desert-dwelling lizards rely primarily on behavioral thermoregulation for
the maintenance of active body temperatures, the effectiveness of panting as a thermoregulatory
mechanism for evaporative cooling has not been widely explored. We measured changes in body
temperature (Tb) with increasing air temperature (Ta) for seventeen species of lizards that range
across New Mexico and Arizona and quantified the temperatures associated with the onset of
panting, the capacity of individuals to depress Tb below Ta while panting and estimated the
critical thermal maxima (CTmax) for each individual. We examined these variables as a function
of phylogeny, body mass, and local acclimatization temperature. We found that many species
can depress Tb 2-3°C below Ta while panting, and the capacity to do so appears to be a function
of each species’ ecology and thermal environment, rather than phylogeny. Panting thresholds and
CTmax’s are phylogenetically conserved within groups. Understanding the functional significance
of panting and its potential importance as a thermoregulatory mechanism will improve our
understanding of the potential for species’ persistence in an increasingly warmer world.
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INTRODUCTION
For dry skinned ectotherms such as lizards, the mechanism and efficiency of
thermoregulatory processes have significant consequences for the persistence of many species in
the face of increased environmental temperatures (Sinervo et al., 2010; Sunday et al., 2014). The
established view of dry-skinned ectotherm thermoregulation advocates that behavioral processes
play the dominant role in maintenance of activity body temperature (Tb) below critical thermal
limits in hot environments (Huey, 1982; Angilletta, 2009; Sunday et al., 2014; Domínguez–
Guerrero et al., 2019; Muñoz and Bodensteiner, 2019) and that modifications to heat exchange
through active color change and evaporative heat loss play a comparatively limited role
(Stevenson, 1985). The preeminence of behavioral thermoregulation in lizards and the paucity of
observations of thermoregulatory panting in the wild have undoubtably supported this view
(Dewitt, 1967; Judd, 1975). As a consequence, the capacity for evaporative cooling via panting
in lizards and its importance for thermoregulation have not been widely investigated (Tattersall
et al., 2006).
Because lizards thermoregulate primarily by shuttling between different microclimates or
by postural adjustments to maintain a preferred body temperature (Tpref) before initiating openmouthed panting, the onset of panting has historically been viewed as an emergent response to
unavoidable heat exposure and of approaching lethal Tb values near the animal’s Critical
Thermal Maximum (CTmax; Weese, 1917; Cowles and Bogert, 1944; Dawson and Templeton,
1966, Vernon and Heatwole, 1970; Webb et al., 1972, Tattersall et al., 2006). Lizards were
traditionally assumed to avoid panting during their normal daily activity because maximum rates
of evaporation during panting were either deemed insufficient for dissipating environmental heat
loads, or incurred costs would produce substantial water deficits (Crawford and Kampe, 1971;
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Dawson and Templeton 1963; Mayhew, 1968; Mautz, 1982a). These studies concluded that the
inherent cooling capacities of most species are modest and provide only a limited delay in the
onset of lethal hyperthermia with increasing environmental heat loads (Dawson, 1960;
Templeton, 1960; Dawson and Templeton, 1963, 1966).
Evaporative cooling has the potential to lower the operative temperature (Te; the
equivalent Tb that incorporates the effects of Ta, wind speed, and the radiative exchanges) of
lizards, thus potentially allowing animals to remain active while maintaining a thermal safety
margin equivalent to retreating to a cooler micro-habitat (Fig. 1.1; Sunday et al., 2014).
Stevenson (1985) estimated that panting may produce an air-body temperature difference of up
to 5°C, potentially having utility as a thermoregulatory mechanism for extending activity in hot
environments. Indeed, for certain species, panting appears to be an effective strategy for
lowering head temperature below body temperatures in hot conditions (Webb et al., 1972; Case,
1972; Crawford et al., 1977). Furthermore, passive evaporation via other mucous membranes
(e.g., the eyes or cloaca) has also been demonstrated as a route for evaporative heat loss (Heath,
1964; Firth, 1979; DeNardo et al., 2004). Although evaporative water loss associated with active
panting may be costly to an animal’s water balance, it may provide other benefits such as
allowing for the prolonged defense of territories (Dewitt 1967; Judd 1975), continued foraging,
or the avoidance of predators (Dewitt 1967; Christian and Tracy, 1981; Grant and Dunham,
1988). Consequently, species that have sufficient water reserves to cope with, or even exploit
environments where Te is above the preferred values may thus be well suited to expand their
thermal niche and increase their fitness (Tracy and Christian, 1986; Kearney and Porter, 2004).
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Fig. 1.1. Conceptual diagram of shifts in body temperature under increasing environmental heat
following panting. The grey area represents the potential range of body temperatures a lizard
could maintain following the onset of panting up until they reach their Critical Thermal
Maximum.

In addition to the role of panting as a thermoregulatory strategy, the onset of panting in
relation to a lizard’s voluntary thermal limits and the CTmax is important to consider, as it may
provide a sublethal benchmark of lizard’s thermoregulatory status in relation to lethal thermal
limits. Whether the onset of panting is indicative of the proximity to the CTmax is largely
contextual, depending on individual condition and environmental heat loads. Camacho et al.
(2018), for example, found lizards panting at or near their voluntary thermal maximum Tb;
panting was labile and depended on exposure time and temperature. Hydration, ecology, or
acclimation history (Chong et al., 1973; Heatwole et al., 1975; Parmenter and Heatwole, 1975;
Dupré and Crawford, 1985; da Silveria Scarpellini et al., 2015) may also determine if individuals
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employ panting as a thermoregulatory strategy. Body size and age may also mediate the use of
panting as small-bodied lizards are subject to higher mass-specific heat and water fluxes
compared to large-bodied lizards, producing differing costs and benefits for lizards of different
size classes (Mautz, 1982a; Toledo et al., 2008).
The proximity of the panting threshold to the CTmax may be dependent on the functional
niche a lizard occupies, as well as its evolutionary history. Species that are adapted to hot, arid
environments tend to have higher thermal tolerances and/or evaporative capacities, and may have
a greater capacity for evaporative cooling when exposed to high Ta or large solar heat loads
(Claussen, 1967; Case 1972; Brusch et al., 2015). Additionally, foraging mode likely interplays
with the thermoregulatory tradeoffs associated with panting. For example, lizards that are sitand-wait foragers in exposed habitats, such as the genus Phrynosoma, commence panting
approximately 5°C before reaching their CTmax (Kour and Hutchison, 1970), and may employ
panting to extend their time foraging, whereas lizards that are active foragers, such as the genus
Aspidoscelis will more likely rely on thermal shuttling between thermal environments over
evaporative cooling to modulate their Tb (Ryan et al., 2016). Given that the Tb associated with the
panting may be variable and influenced by a variety of factors, it is unknown if panting
threshold, and the capacity to cool evaporatively, is a conserved trait among lizard groups or if it
is phylogenetically independent.
In this investigation we examine the capacity of lizards to actively thermoregulate by
depressing their body temperature via panting while exposed to prolonged, increasing heat loads.
We continuously measured Ta and Tb prior to and following the onset of panting up until the
CTmax in seventeen lizard species from the American southwest. We asked the following
questions: 1) Does panting threshold provide a strong indicator of critical thermal limits (CTmax)?
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2) When exposed to high Ta can lizards maintain Tb below Ta by panting and how does this
capacity vary among species? 3) Are panting thresholds, CTmax’s, and Tb depression capacities
phylogenetically conserved? 4) Does body size or environmental acclimatization influence
panting thresholds, CTmax’s, or cooling capacity? 5) How might the capacity for Tb depression
allow for extended activity periods under intense heat scenarios? Because panting thresholds can
be influenced by a variety of factors, we hypothesized that there would not be a significant
relationship between panting threshold and CTmax. Additionally, because different ecological
guilds may be subject to different thermal environments, we hypothesized the ability to maintain
a greater Ta-Tb gradient would result from species’ adaptation to their respective habitats and
ecology, rather than their evolutionary history.

METHODS
Study Species and Handling Procedures
A total of 262 lizards, representing 13 species from Phrynosomatidae- zebra-tailed lizard
(Callisaurus draconoides Blainville 1835), greater earless lizard (Cophosaurus texanus Troschel
1852), Texas horned lizard (Phrynosoma cornutum Harlan 1825), greater short-horned lizard (P.
hernandesi Girard 1858), round-tailed horned lizard (P. modestum Girard 1852), regal horned
lizard (P. solare Gray 1845), twin-spotted spiny lizard (Sceloporus bimaculosus Phelan and
Brattstrom 1965), Clark’s spiny lizard (S. clarkii Baird and Girard 1852), southwestern fence
lizard (S. cowlesi Lowe and Norris 1956), Yarrow’s spiny lizard (S. jarrovii Cope 1875), crevice
spiny lizard (S. poinsettii Baird and Girard 1852), ornate tree lizard (Urosaurus ornatus Baird
and Girard 1852), side-blotched lizard (Uta stansburiana Baird and Girard 1852), 1 species from
Crotaphytidae- eastern collared lizard (Crotaphytus collaris Say 1822), 1 species from Teiidae-
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Chihuahuan spotted whiptail (Aspidoscelis exsanguis Lowe 1956), and 2 species from Iguanidaedesert iguana (Dipsosaurus dorsalis Baird and Girard 1852), chuckwalla (Sauromalus ater
Duméril 1856) were used for this study (Table 1.1). Lizards were captured at multiple localities
in New Mexico and Arizona between May and September of 2016, 2017, 2018, and in May of
2019. The S. ater were captive-hatched individuals from parents originating in Riverside Co.,
California, and were kept in semi-naturalistic outdoor enclosures prior to trials.
Animals were captured with a lasso attached to a 12-ft long pole or by hand. Following
capture, lizards were held in cloth bags and transported to the University of New Mexico
laboratory in a cooler that was kept in a climate-controlled environment (room temperature or
cooler) so to reduce activity. Animals were held no longer than 72 hours prior to trials, with the
majority of individuals (>60 %) undergoing a trial within 24 hours of being captured. Lizards
held longer than 48 hours were temporarily housed in terraria with food and heat lighting
available. Although all species used in these trials obtain their water from their diet, we also
offered animals water ad libitum, either by placing a wet paper towel in their cage or freestanding water. Following trials, lizards were euthanized via injection with a mixture of MS-222
and water and deposited into the Museum of Southwestern Biology. Animal care protocols were
approved by the Institutional Animal Care and Use Committee of the University of New Mexico
(protocol no. 16-200437-MC). Lizards were captured under permits from the New Mexico Game
and Fish Department (#3627) and the Arizona Game and Fish Department (#SP510878).
Ironwood Forest National Monument also granted permission to collect animals.
Air and Body Temperature Measurements
Body temperature measurements were made over a Ta range of 35° to 50°C using a flowthrough respirometry system, where incurrent air was scrubbed of CO2 and H2O using a purge
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gas generator (model PCRMBX1A##-F, Puregas LLC, Broomfield, CO, USA), which produces
air with a dew point of < -20 °C. The respirometry chamber consisted of a transparent plastic
container (1.7 L, 12 cm x 8 cm x 16 cm for lizards under 50 g, 3.6 L, 20 cm x 8 cm x 22 cm for
lizards over 50 g, Snapware Total Solutions, Pyrex, Greencastle, PA, USA) sealed by a snaplatch lid lined with a gasket. Dry, CO2 free air was pushed through the respirometry chamber at
flow rates of 0.5–5 SLM with a digital mass-flow controller (MC-Series, Alicat, Tucson, AZ,
USA) that ensured chamber dew points did not exceed 5 °C (measured with CO2/H2O gas
analyzer; model LI-840A in 2017, model LI-7000 in 2018 and 2019, LI-COR, Lincoln, NE,
USA). The lizard chamber was placed inside an environmental chamber (model No. 166VL,
Percival Scientific, Perry IA, USA) where temperature was controlled to ± 0.5°C. Air
temperature and body temperatures were measured using a thermocouple thermometer (model
TC-2000, Sable Systems, Las Vegas, NV, USA) with two Cu-Cn thermocouples (Physitemp,
model RET-4 Clifton, NJ, USA) inserted in each chamber via a small hole sealed with silicone.
One thermocouple measured chamber air temperature (Ta) and the second thermocouple was
inserted ~10 mm (up to 20 mm for larger lizards such as chuckwallas) into the lizard’s cloaca
and measured body temperature (Tb) and was held in place with a 1 cm wide piece of vinyl
electrical tape.
Experimental Protocol
Lizards were weighed to +/- 0.1 g accuracy on a digital scale (model V31XH202, Ohaus,
Parsippany, NJ, USA) and placed into the chamber at a Ta of 35°C and were left until Ta and Tb
equilibrated (~ 30 minutes), which allowed for habituation to the chamber environment. Any
fecal material produced prior to or during the trial was removed from the chamber, weighed, and
subtracted from initial body weight, and the chamber environment was allowed to re-equilibrate.
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Experimental trials commenced when Tb was equal to Ta (± 0.2°C). For each trial, we started all
lizards at 35°C and then increased to 38°C, then followed by increases in Ta in 2°C increments
until the lizard reached its CTmax. Lizards were held at each temperature for approximately 30minutes before ramping up to the next temperature. Trials on average lasted 4.0 hours and
animals lost an average of 6.4% of body mass (Mb) during the trial period.
Two video cameras were placed in the environmental chamber with the lights on in front
of each chamber, so lizard activity could be monitored continuously. Lizard activity during
measurements was categorized “inactive”, “brief activity”, “continuous activity”, and “panting”.
It was noted when lizards were continuously active, when a lizard engaged in running or jumping
for longer than 5 seconds, and those measurements were removed from the data series, though
lizards were typically less active at higher Ta’s and/or when they were panting. As Ta increased,
the Ta and Tb were recorded when a lizard commenced continuous open-mouth panting. Because
Tb typically fell below Ta following the onset of panting, a trial was immediately ended when (1)
there was a sharp increase in Tb, indicating evaporative cooling was no longer effective, (2) when
a lizard showed prolonged distress or escape behavior (i.e. continuous running/jumping) for >5
minutes, (3) when chamber CO2 values fell sharply indicating heat shock, and (4) when a lizard
showed a loss of balance or righting response (LRR), including the onset of spasms (OS;
Lutterschmidt and Hutchison, 1997), although we did not physically test righting response by
rolling lizards on their backs. Because the CTmax is regarded as the Tb at which an animal loses its
ability to functionally thermoregulate to avoid lethal conditions (Cowles and Bogert, 1944;
Lutterschmidt and Hutchison, 1997), we designated the Tb at the end of the trial as the animal’s
CTmax. To avoid high in situ mortality and unnecessarily replicate previous estimates that would
have been lethal to individuals, in addition to our need to maintain an airtight seal on the
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chambers, our estimates of CTmax may be more conservative than other studies. Nevertheless, the
apparent inability for lizards to maintain balance, combined with the rapid increase in Tb,
suggested that lizards had either reached, or were very close to reaching their CTmax, and
generally agree with previous estimates for a number of species (see below). Following each
trial, the lizard was removed from the chamber, reweighed and allowed to recover in a cotton bag
with a wet paper towel until its Tb stabilized prior to euthanasia.
Data Analysis
All analyses were carried out using R software (version 3.4.3, r-project.org). In order to
detect a phylogenetic signal for Panting Threshold (Tb), CTmax (Tb), and maximum Ta-Tb
gradient, we applied Blomberg’s K and Pagel’s λ to a phylogeny adapted from Pyron et al.
(2013) and pruned to only include taxa for which we collected data. Statistics and tree
manipulations were done using the phytools (Revell, 2013) and ape (Paradis et al., 2012)
packages, respectively. We derived phylogenetic independent contrasts (PIC) to remove effects
of phylogeny prior to running regressions comparing Mb (g), Panting Threshold, CTmax,
maximum Ta-Tb gradient, and Panting Threshold–CTmax proximity. Some taxonomic naming
discrepancies exist between the Pyron et al. (2013) phylogeny and our dataset. In such cases, we
retained tips of the phylogeny that represent the species complex to which our studied taxa
belong (e.g., Sceloporus bimaculosus is a member of the species complex represented by S.
magister in Pyron et al., 2013). We manually updated taxa names in the trees presented to
simplify comparison of phylogenies and results for S. bimaculosus, S. cowlesi on the S.
undulatus branch, and Aspidoscelis exsanguis on the A. sexlineatus branch.
To account for the effect of thermal acclimatization on the thermoregulatory capacities of
lizards, we extrapolated mean daily maximum temperature for the 30-day period prior to lizard
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capture at the capture site (PRISM climate group, Oregon State University). We used a linear
mixed-effects model when analyzing lizard panting thresholds, CTmax’s, and maximum Ta-Tb
gradient maintained with the nmle package in R (Pinheiro et al., 2018) with lizard species, Mb,
and acclimatization temperature treated as main effects and individual lizards treated as a
random factor. We used likelihood ratio tests and AIC scoring in model selection where the
models compared tested for interactions of main effects. Because the S. ater originated from a
captive colony, and therefore were not necessarily acclimated to wild-caught conditions, we do
not include them in the model analyses concerning acclimatization temperature. To determine
effect of panting on Tb, panting status was divided into two categories: “not panting” for when no
panting was observed, “panting” when continuous panting was observed. Because lizard Tb
increases with Ta, we included Ta as a covariate in ANCOVAs to examine the effect of panting
on Tb for each species. Slopes of lines were compared using the lsmeans package in R (Lenth,
2016).

RESULTS
Body Temperature
Panting caused the Tb slope to significantly deviate from the pre-panting slope for 14
species from 3 families (Fig. 1.2): C. collaris (F1,183 = 51.4, P < 0.001), P. hernandesi (F1,109 =
11.7, P < 0.01), P. cornutum (F1,31 = 7.9, P < 0.01), P. modestum (F1,54 = 143.1, P < 0.01), P.
solare (F1,9 = 13.7, P < 0.01), C. draconoides (F1,63 = 25.5, P = 0.01), C. texanus (F1,120 = 56.9, P
< 0.001), D. dorsalis (F1,73 = 50.6, P < 0.01), S. ater (F1,57 = 17.6, P < 0.01), ), S. bimaculosus
(F1,65 = 5.6, P = 0.02), S. clarkii (F1,144 = 63.2, P < 0.01), ), S. cowlesi (F1,117 = 12.3, P < 0.01), U.
ornatus (F1,86 = 9.3, P < 0.01) ), and U. stansburiana (F1,49 = 4.5, P = 0.038). Mb had no
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significant effect on the slope of Tb while panting for any species. However, Mb within a species
significantly predicted panting threshold, we thus include mass as a covariate in subsequent
models predicting panting threshold.

Fig. 1.2. Body temperature (Tb) as a function of air temperature (Ta). Blue lines indicate Tb
before panting. Red lines indicate Tb after panting. The dotted line represents Tb = Ta. * indicates
species whose panting slope significantly deviated from the Ta = Tb line.

The largest gradients between Ta and Tb were observed in Crotaphytus collaris with an
average value of 2.7 ± 0.8ºC and a maximum gradient observed of 4.79°C in a large male (mass
= 30.92 g). Among Phrynosomatid lizards, there was high variability in their ability to reduce Tb
below Ta while panting. All species of Phrynosoma also maintained large Ta-Tb gradients, with
P. modestum having a mean maximum gradient of 2.7 ± 0.6°C. Species in the genus Sceloporus
showed greater variability in the capacity to cool and the size of the Ta -Tb gradient; S.
bimaculosus, S. clarkii, and S. cowlesi showed Ta -Tb differentials of 2-3°C, with S. clarkii
12

notably reducing its Tb by as much as 3.5°C while panting (Table 1.1). In contrast, S. jarrovii
and S. poinsettii were able to establish only modest Ta -Tb gradients not exceeding 1.5°C and
1.3°C, respectively (Fig. 1.3A). Among smaller bodied species such as U. ornatus and U.
stansburiana we found high variability in the capacity to lower Tb while panting, with gradients
ranging from > 3°C to < 1°C for each species, respectively.

Fig. 1.3. A) Mean maximum Ta-Tb gradient maintained while panting ± SE. B) Phylogeny of
maximum Ta-Tb gradient for species sampled.

Panting Threshold and CTmax
The Tb at which the onset of panting occurred was highly variable among species and
tended to be positively correlated with acclimatization temperature and negatively correlated
with Mb (see below). There was a positive, albeit nonsignificant relationship between the panting
threshold and CTmax (F1,14 = 3.17, P = 0.09). Most species began panting at a Tb ~ 3-4°C below
their respective CTmax, with only A. exsanguis, U. stansburiana, and C. draconoides refraining
from panting until they were < 2°C of their CTmax (Fig. 1.4A). There was no significant effect of
Mb on the maximum Ta-Tb gradient observed while panting (F1,14 = 0.73, P = 0.40) and a
13

nonsignificant positive association between the panting threshold–CTmax proximity and
maximum Ta-Tb gradient maintained across species (F1,14 = 0.56, P = 0.49).

Fig. 1.4. A) Mean panting threshold (Tb) and Critical Thermal Maximums (Tb) of lizards
sampled ± SE. Most species began panting 3-5ºC before CTmax. B) Phylogeny of CTmax’s for
species sampled. CTmax is strongly conserved within groups; Sceloporus all have similarly low
CTmax values, whereas Phrynosoma CTmax values are consistently moderate and Iguanid values
are consistently high.

In models where lizard species was not included as a factor, there was a significant effect
of Mb (F1,231 = 30.18, P < 0.001) on panting threshold, and an effect of maximum acclimatization
temperature on panting threshold (F1,231 = 84.73, P < 0.001), CTmax (F1,230 = 86.1, P < 0.001) and
maximum Ta-Tb gradient (F1,230 = 5.12, P = 0.02). Because panting threshold for each species
varied with Mb (species x mass, F15,202 = 1.9, P = 0.03), but not acclimatization temperature
(species x MaxTemp, F15,202 = 0.96, P = 0.50) in models where species was included as a factor,
we evaluated the panting threshold–mass relationships for each species independently with a
linear mixed effects model and report parameter estimates with 95% CI in Table 1.1. There was
no significant effect between Mb and maximum acclimatization temperature (mass x MaxTemp,
F1,230 = 0.8, P = 0.37) when predicting CTmax.
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Phylogenetic Signal
We determined there was no significant phylogenetic signal for maximum Ta-Tb gradient
maintained while panting (K = 0.59, P = 0.06, lambda = 0.68, P = 1; Fig. 1.3B). However, there
were strong phylogenetic signals for panting threshold (K = 1.16, P = 0.01, lambda = 0.99, P =
0.02) and for CTmax (K = 1.54, P < 0.001, lambda = 0.99, P < 0.001; Fig. 1.4B). After correcting
for phylogeny, we determined there was no significant relationship between Mb and panting
threshold (F1,14 = 1.85, P = 0.19, Tb) or CTmax (F1,14 = 0.43, P = 0.51) across species.

DISCUSSION
Our results show that for 14 of 17 lizard species open-mouth panting is an effective
mechanism to lower Tb below Ta when animals are exposed high environmental heat loads. We
found that the ability to evaporatively cool varied greatly among species; for example, the largebodied sit-and-wait predator Crotaphytus collaris was able to maintain a Tb below Ta by as much
as 4.8°C. In contrast, the active forager Aspidoscelis exsanguis, was unable to significantly
reduce its Tb below Ta via panting. These results expand our view of the potential importance of
panting as a thermoregulatory mechanism that were not fully appreciated by early studies
(Dawson and Templeton, 1963, 1966; Mautz, 1982a; but see Case, 1972 and Dewitt, 1967). We
found that species from cooler habitats had lower CTmax and panting thresholds. We also found
Mb had no effect on interspecific differences in CTmax and panting threshold but did influence
intraspecific variability in panting thresholds. Our results show that the Tb at the onset of panting
was variable and provides modest, but not definitive ability to predict estimated CTmax. In the
following paragraphs, we examine how factors such as thermal acclimatization, phylogeny, and
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body size affect cooling ability, and how consideration of cooling capacities may influence our
understanding of the fates of lizard communities under future climates.
Effects of habitat differences on cooling capacity
The high variability in the maximum Ta -Tb gradients observed across the species tested,
especially within Phrynosomatid lizards, suggests differences in cooling capacity result from
thermoregulatory pressures associated with various habitat characteristics such as elevation and
Ta. For example, S. jarrovii and S. poinsettii inhabit mid to high-elevation environments in
Arizona and New Mexico where environmental heat loads are not as great as in lowland habitats.
S. jarrovii and S. poinsettii typically rely on shuttling to thermal retreats such as rocks and
crevices (Middendorf and Simon, 1988; Degenhardt et al., 1996) and show a very limited ability
to lower their Tb’s via panting or tolerate high heat loads. In contrast, species from hotter habitats
such as S. clarkii and S. bimaculosus are notably more capable of lowering Tb via panting. The
desert obligate S. bimaculosus was able to reduce Tb below Ta by 1.8°C, while the widespread S.
clarkii was able to reduce Tb below Ta by an average of 2.3ºC reflecting their higher
environmental heat loads (Figs. 1.2-1.3). The average Tb depression of 1.6°C for S. cowlesi
indicates a more modest cooling ability, although like S. clarkii, this species is also found across
a wide range of elevations and habitat types. Although panting thresholds and CTmax’s for
Sceloporus are similar (Fig. 1.4), the onset Ta and subsequent efficacy of panting may be
dependent on the heat loads each species are exposed to in their respective habitats. Because S.
cowlesi individuals from this study were captured at elevations ranging from 1500-2500 m, the
high variation seen in Tb depression may be a function of local adaptation of the populations
sampled (Herrando‐Pérez et al., 2019). Since S. clarkii and S. cowlesi are found in a wide variety
of thermal habitats, this observation may reflect adherence to the climatic variability hypothesis,
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which states that species that persist in more variable climates will have a wider breadth of
tolerances (reviewed in Gaston et al., 2009).
The maximum Ta - Tb gradients sustained by Phrynosoma species sampled showed little
variance, although like Sceloporus they occur in a wide range of climatic environments. For
example, P. hernandesi were collected at elevations that ranged from 2400 m to over 3000 m,
where they are not exposed to the same high Ta’s and environmental heat loads as their lower
elevation congeners, and are more likely to maintain lower preferred Tb’s (Christian, 1998; LaraReséndiz et al. 2015). P. hernandesi was, however, able to establish a maximum Ta -Tb gradient
of 2.3°C– comparable to its congeners. In comparison, the lower elevation, the desert adapted P.
cornutum, P. modestum, and P. solare were able to establish maximum Ta - Tb gradients of
2.5°C, 2.7°C, and 2.5°C, respectively (Fig. 1.3A). Their similar capacities for evaporative
cooling, despite their habitat differences, may be due in part to the flattened disc-like body shape
of horned lizards, which tends to produce large solar heat loads. When combined with their sitand-wait foraging habits (e.g., feeding at ant mounds), horned lizards may spend extended
periods exposed to direct solar radiation and high surface temperatures (Sherbrooke, 2003).
Body mass and environmental acclimatization
Although there was no significant interspecific effect of Mb in the determination of
panting thresholds or CTmax’s, Mb was a significant factor in determining intraspecific panting
thresholds. Table 1.1 illustrates how body size influenced the Tb where the onset of panting was
observed. Nearly all species sampled showed a significant negative trend between body size and
panting threshold, with smaller individuals generally showing elevated panting thresholds.
Interestingly, while this trend was strongest in C. collaris, a species with a strong cooling ability,
this trend was also observed in species that showed a limited ability to reduce Tb below Ta (e.g.,
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A. exsanguis, S. poinsettii). Interspecifically we could not discern a pattern that might link
panting threshold to foraging mode, phylogeny, or habitat. Within species effects are likely due
to the physical constraints of heat exchange, and the associated potential to lose water, as smaller
individuals have higher mass-specific rates of metabolism and evaporative water loss associated
with open-mouth respiration and smaller body water pools (C. Loughran, unpublished data). We
believe the elevated panting thresholds observed in smaller conspecifics are likely driven by the
need for water conservation; such trade-offs may drive different thermoregulatory strategies,
such as more frequent shuttling between thermal environments, and maintaining lower overall
Tb’s, as seen in other squamate reptiles (Aubret and Shine, 2010; Loughran, 2014; Sears et al.,
2016).
The apparent effect of environmental acclimatization on the lability of panting thresholds
and CTmax’s suggests the capacity for local and regional adaptation to shifting climatic
conditions. However, because our lizards were captured between the spring and fall equinoxes
the positive relationship between panting thresholds and increasing acclimatization temperature
may have been influenced by the extended photoperiod that lizards were exposed to as the
seasons progressed, as well as acclimatization to warmer temperatures (Chong et al. 1973;
Heatwole et al., 1975). Additionally, while most of our lizards were tested within the first 24
hours of capture, individuals that were held for longer may have exhibited acclimatization to
captive conditions. Nevertheless, as the seasons progress and average heat loads increase, so
does the potential for dehydration and desiccation. To avoid this, lizards may be more judicious
in employing evaporative cooling during periods of prolonged heat and aridity. The significant
positive relationship we observed between maximum average environmental temperature and
CTmax’s is consistent with observations of short-term heat acclimatization seen in amphibians
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exposed to prolonged heat (Hutchison and Maness, 1979), as well as intraspecific variation in
CTmax’s among populations (Herrando‐Pérez et al., 2019). Although the mechanism for selection
is unclear, elevated environmental temperatures that result in higher Te’s force lizards to either
retreat to cooler microclimates or cope by extending their exposure to higher heat loads. Lizards
that opt for the latter may show heat hardening (Phillips et al., 2016) and the expression of genes
associated with the protection of cells. These responses include the induction of an array of heat
shock proteins, the up-regulation of interleukins that affect inflammatory responses and the
downregulation of coagulation pathways (McKechnie and Wolf, 2019) and thus potentially
increase their CTmax. Although the apparent plasticity of the CTmax can increase thermal safety
margins, factors such as latitude, taxon, and Mb can interact to influence its magnitude (Rohr et
al., 2018). We did not observe any of these interactive effects in our analysis, which may be due
in part to the coarse nature of the climate data used. However, episodic climatic extremes, such
as heat waves or drought, may be a stronger selective force for greater thermal limits than long
term exposure (Sunday et al., 2019).
CTmax and the Panting threshold
Lutterschmidt and Hutchison (1997) have advocated for using a specific protocol to
obtain consistent estimates of CTmax, i.e. the rapid elevation (10–30 min) of Tb to the endpoints
defined by the observed loss of righting response (LRR) and/or onset of spasms (OS; Hutchison
1961). There is a long-running conversation on CTmax that has noted issues with high rates of
heating, fatigue associated with flipping animals to establish LRR and the transient/spurious
occurrence of OS (Licht et al. 1966). More recently, a critique of approaches for estimating
thermal tolerances with recommendations has been provided by Camacho and Rusch (2017) with
a focus on lizards. Their review of measurements of CTmax found that the time of year,
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photoperiod, changes in mass, hydration level, housing, experimental protocols and acclimation
history all produced variation in expressed CTmax values. We detail our methods here, because
our CTmax values could be biased compared to other more conventional CTmax studies. Our
approach differed from the established CTmax methodology because we wanted to measure the
steady-state values for metabolism and evaporative water loss as we increased heat loads on
individual animals. This approach provided us with estimates of panting threshold, CTmax and
Heat Tolerance Limits (HTL) as well as continuous metabolic and evaporative water loss data.
Our goal was to establish consistency in our trials such that we could make valid comparisons
across the species we studied. To this end, we used wild captured individuals that were engaged
in trials typically within 24–48 hours of capture. Because our animals were held in sealed
metabolic chambers, we did not use LRR as the sole criteria for estimating CTmax. Rather, we
used a combination of OS, rapid increases in Tb, a large drop in CO2 production and continuous
escape behavior as criteria for ending a trial. The second and primary difference between our
methodology and other recent studies (e.g., Brusch et al., 2015; Herrando‐Pérez et al., 2019) is
that our trials typically were four hours in duration; most CTmax trials last from 10 minutes to 1
hour. As other researchers have noted, thermal acclimation can be rapid, with significant effects
on CTmax occurring within 1.5 hours (Art and Claussen, 1982). This “heat-hardening” may
produce increases in CTmax of 1-5 °C and peak over periods of 1.5 to 30 hours (Ballinger and
Schrank 1970; Art and Claussen, 1982; Phillips et al., 2016). Given these data, we believe that
our four-hour exposures could have produced CTmax values that were ~1°C higher than those we
may have obtained using standard methods (Hutchison, 1961). How do our CTmax values
compare to those from other studies? Although comparative data are limited, we provide several
examples. In P. cornutum our estimated CTmax = 44.8 ±0.1 °C (Fig. 1.3A, Table 1.1) compared
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to values of 46.8°C (Kour and Hutchison, 1970), 47.9°C (Prieto and Whitford, 1971), and 45.1
°C after 30 hours of conditioning at Ta = 27°C and 45.9°C after 30 hours of conditioning at Ta =
40°C (Ballinger and Schrank, 1970). Our CTmax estimate of 47.4°C for D. dorsalis closely
matches the value of 47.5°C obtained by Cowles and Bogert (1944) and our CTmax estimate of
45.4°C for P. hernandesi is very close to that of 45.5°C obtained by Prieto and Whitford (1971).
A study by Smith and Ballinger (1994) of desert and low montane populations of U. ornatus in
southern New Mexico and southeastern Arizona found a common CTmax values among
populations that varied from month to month and ranged from 38.4 to 46.2 °C with a mean value
of 43.3°C. Our values for U. ornatus averaged 45°C. While the literature data preclude species
by species comparisons with our data, we believe that these examples illustrate the comparability
of our approaches with classic methodologies for estimating CTmax. We still urge caution in
making definitive comparisons of CTmax across datasets where any number of environmental,
biological or experimental variables may introduce biases (Camacho and Rusch, 2017).
One of our goals was to examine whether panting threshold could serve as a robust
predictor of CTmax within species and examine the variation across species. Recent studies have
highlighted the importance of measuring other thermal traits, such as Tpref and voluntary thermal
maximum in relation to the CTmax, as they provide important context to the level of thermal
stress animals may be experiencing (Camacho and Rusch, 2017; Camacho et al., 2018). If
panting threshold is a robust predictor of CTmax then it could provide a sublethal metric of
extreme thermal stress. We found significant variation in panting threshold–CTmax values among
species with panting threshold–CTmax differentials that ranged from 1.9°C in A. exsanguis to 5°C
in P. hernandesi (Table 1.1). Within genera, we found a fairly consistent differential between
panting threshold and CTmax with values for five Sceloporus species, for example, averaging
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4.2°C and ranging from 3.7 to 4.7°C (Fig. 1.4A). In four Phrynosoma species panting threshold–
CTmax values averaged 4.6 °C and ranging from 4.0 to 5.2 °C. The range of variation we
observed for panting threshold–CTmax among individuals within a species was 3.5–5.5°C. Most
of the observed variance in the panting threshold–CTmax differential is associated with variation
in panting threshold. The observed range of variation in panting threshold within a species
suggests caution should be used in applying panting threshold as a direct proxy for CTmax. The
within species variation we observed is consistent with that reported in Heatwole’s et al. (1973)
review of the literature on panting and gaping thresholds in reptiles where within species’ ranges
for the onset of panting averaged 3.9°C and varied from 0.5 to 10.7°C across 33 lizard species
(Table 1.1). A number of researchers have elaborated on the sources of this variation; Heatwole
et al. (1973) found that body size, sex and the method of heating had no effect on the measured
panting threshold in Amphibolurus muricatus (now Pogona muricatus). However, rapid heating
and non-radiant heat sources increased the variation in the measured panting threshold and the
primary source of variation in panting threshold was day-to-day shifts within individuals.
Parmenter and Heatwole (1975) extended this work looking at hydration status and its effects on
panting threshold in A. barbatus (now Pogona barbatus) and A. muricatus. They found that A.
barbatus elevated its panting threshold by as much as 4°C with increasing dehydration, which
was not observed in A. muricatus. Increases in panting threshold with dehydration by A.
barbatus were seen as a water conservation strategy because of its occupancy of more arid
habitats than A. muricatus. da Silveria Scarpellini et al. (2015) used salt loading as a proxy for
dehydration stress to examine the mechanisms underlying thermoregulation in P. vitticeps. They
found that progressive increases in plasma osmolality greatly reduced the gaping response
indicating that water conservation is likely a strong driver of thermoregulatory behavior. Other
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environmental sources of variation affecting panting thresholds include both diel and seasonal
effects as reported by Chong et al. (1973) and Heatwole et al. (1975). Given the dynamic nature
of these variables, especially among species, it is unsurprising that we did not observe a
significant relationship between panting threshold and CTmax. However, we believe, that the
panting threshold can provide an important, measurable benchmark indicating extraordinary
thermal stress and provide important context for both field and laboratory studies (Dewitt, 1967;
Tattersall et al., 2006).
Thermal limits and phylogeny
Panting threshold and CTmax values showed significant phylogenetic signal, indicating
these traits are conserved within their respective clades, therefore suggesting that selection for
higher upper thermal limits has progressed more slowly in certain clades. Although we lack data
on voluntary thermal maxima for many of these species, this result may align with the
suggestions of other studies that the Bogert effect alleviates selective pressure from higher
thermal limits (Huey et al., 2003; Buckley et al., 2015; Domínguez–Guerrero et al., 2019; Muñoz
and Bodensteiner, 2019). Interestingly, the maximum Ta-Tb gradient maintained while panting
did not show a significant phylogenetic signal (Fig. 1.3B), which may indicate that adaptive
thermoregulatory pressures may be lower on species that infrequently experience higher
environmental heat loads, such as those in high elevations. Wiens et al. (2019), for example,
observed that S. jarrovii populations’ lower Tpref and occupancy of cool habitats in Arizona’s sky
islands likely left them more isolated than the more thermophilic sympatric S. clarkii when
climates have warmed. The absence of S. jarrovii in the lower, more arid environments may
have resulted from their behavioral avoidance of high heat loads, thereby alleviating selective
pressure to effectively evaporatively cool. In contrast, S. clarkii, a species that has a higher

23

thermal tolerance and can efficiently evaporatively cool, is better equipped to tolerate high
ambient heat loads, and therefore can exploit a wider range of thermal habitats.
Thermoregulation and climate change
We have provided data showing that the extent to which panting can lower Tb for a
variety of arid adapted lizard species. This has important implications for making predictions
about lizard extinction risk, as models that incorporate lizard thermoregulation are built around
the premise that ectotherm activity and thus energy budgets are constrained by thermal
thresholds. While these models generally predict dire consequences, they do not typically
account for panting as a thermoregulatory mechanism, nor its potential to extend activity periods
via evaporative cooling (Sinervo et al., 2010; Huey et al., 2012; Gunderson and Leal, 2015).
Recent studies have suggested that thermal refugia on the landscape will become more clumped,
increasing intraspecific competition for ideal microclimates, and further adding to the hormonal
and energetic costs associated with effective regulation of a Tpref (Sears et al., 2016; Basson et
al., 2017; Rusch and Angilletta, 2017; Rusch et al., 2018). However, these models account for
only the “thermal shuttling” perspective, and do not include physiological parameters such as
evaporative cooling potential, shifts in thermal optima (i.e., “acclimatization”), or ontogenetic
shifts in energy and water usage. Because panting is inherently dependent on the endogenous
water reserves a lizard has, availability of water on the landscape (either as food or free-standing
water) will certainly constrain the use of panting as a thermoregulatory mechanism. Although
water reserves are not typically accounted for, recently there has been an increasing awareness
for the need to incorporate water budgets, and the associated potential for evaporative cooling or
desiccation, into activity budgets and extinction risk predictions (Sunday et al., 2014; Riddell et
al., 2017; Kearney et al., 2018; Rozen-Rechels et al., 2019; Huang et al., 2020a).
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Given that lizard activity is constrained when thermal conditions are unsuitable, panting
has the potential to extend activity periods and mitigate this effect (provided there are sufficient
water reserves). Species that can significantly lower their Tb below Ta are well equipped to avoid
lethal environmental extremes, tolerate prolonged heat exposure, and possibly exploit thermal
environments unavailable to competitors. One such case discussed above is the stark difference
between the heat tolerant S. clarkii and its congener S. jarrovii; the apparent ability of S. clarkii
to use panting to lower its Tb may give it a competitive edge in thermal transition zones where it
overlaps with other Sceloporus (Wiens et al., 2019). The expanded activity time, especially in
differing habitats, allows for greater energy consumption and assimilation (Karasov and
Anderson, 1984). Similarly, other species with high evaporative cooling capacities (e.g.,
Phrynosoma, Crotaphytus), may exploit habitats that become available as thermal niches shift,
potentially shifting segments of their geographic or elevational range (Sinervo et al., 2010; Chen
et al., 2011).
For dry skinned ectotherms, such as lizards, it is crucial to understand how evaporative
cooling is used and if it is indeed a practical strategy for a given species. We have shown here
that for some species it may be a useful mechanism for dissipating environmental heat loads,
while it is likely to be ineffective for other species. We submit that in addition to current existing
models, physiological, ecological, and behavioral aspects must be considered for each species
when assessing its risk of extinction (Urban et al., 2016). Employing mechanistic models, which
favor individual-based eco-physiological parameters, should provide more robust predictive
power when projecting lizard extinction risk (Kearney and Porter, 2009; Angilletta et al., 2019).
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Table 1.1. Mean Tb thermal thresholds (± SE) for lizard species measured, ranges of thermal
thresholds, panting threshold-CTmax differential, maximum Ta-Tb gradient maintained while
panting, Ta-Tb slopes during experimental trials, and slope of relationship between Mb and
panting threshold for each species, with 95% CI’s (slope, lower 95% CI, upper 95% CI).
Ta-Tb
slope

Species

N

Body
mass
(Mb, g)

PT
(Tb
°C)

PT
CTmax CTmax
PT-CTmax
Range (Tb
Range HTL differential
(°C)
°C)
(Tb °C) (Ta°C) (°C)

Max Ta-Tb
Gradient
(°C)

Before
Panting

After
Panting

Mass-PT slope

Teiidae
16.6 ±
17 1.1

43.7 39.8 –
± 0.3 45.7

45.6 ± 44.2 – 46.1 ±
0.2
46.8
0.4
2.0 ± 0.3

0.7 ± 0.1

0.97

0.79

-0.17(-0.29,0.06)*

31.2 ±
28 1.6

41.5 40.1 –
± 0.2 43.5

45.4 ± 43.7 – 48.4 ±
0.2
46.6
0.1
4.2 ± 0.1

2.7 ± 0.2

0.89

0.64*

-0.39(-0.65,0.06)*

Dipsosaurus
dorsalis

36.1 ±
12 4.0

43.4 41.4 –
± 0.4 45.3

47.4 ± 46.6 – 49.1 ±
0.2
48.9
0.2
4.0 ± 0.4

1.9 ± 0.2

0.96

0.68*

-0.06(-0.11,0.01)*

Sauromalus ater

9

42.5 40.2 –
± 0.3 43.5

46.6 ± 45.6 – 48.0 ±
0.2
47.1
0.1
4.1 ± 0.4

1.7 ± 0.2

0.90

0.67*

-0.03(-0.05,0.01)*

Aspidoscelis
exsanguis
Crotaphytidae
Crotaphytus
collaris
Iguanidae

114.2
± 8.9

Phrynosomatidae
Callisaurus
draconoides

12.3 ±
10 0.8

44.3 42.6 –
± 0.3 45.9

46.3 ± 45.7 – 48.2 ±
0.1
47.2
0.2
2.0 ± 0.3

1.5 ± 0.2

0.99

0.68*

0.20(0.03,0.44)

Cophosaurus
texanus

10.0 ±
19 0.7

43.2 41.5 –
± 0.2 45.0

45.5 ± 44.5 – 47.4 ±
0.1
46.6
0.2
2.9 ± 0.2

1.4 ± 0.3

0.96

0.62*

-0.09(0.22,0.04)

Phrynosoma
cornutum

5

33.9 ±
4.5

40.5 38.4 –
± 0.7 41.5

44.8 ± 44.6 – 48.1 ±
0.1
46.2
0.2
4.7 ± 0.7

2.5 ± 0.3

0.90

0.68*

0.11(0.01,0.21)

Phrynosoma
hernandesi

21.9 ±
17 4.6

40.2 37.8 –
± 0.3 42.2

45.4 ± 44.5 – 47.5 ±
0.1
46.6
0.2
5.5 ± 0.3

2.3 ± 0.2

0.89

0.72*

-0.24(.51,0.03)*

Phrynosoma
modestum

8

6.5 ±
2.0

41.9 41.1 –
± 0.8 42.9

45.9 ± 44.7 – 48.6 ±
0.1
46.5
0.3
3.5. ± 0.2

2.7 ± 0.2

0.96

0.54*

-0.19(-.036,0.03)*

Phrynosoma solare

2

34.6 ±
9.2

41.0 40.2 –
± 0.8 41.9

45.7 ± 45.1 – 47.5 ±
0.6
45.5
0.8
4.3 ± 1.1

2.5 ± 0.5

0.92

0.57*

NA

Sceloporus
bimaculosus

29.4 ±
12 6.3

39.9 38.2 –
± 0.3 41.2

44.5 ± 43.2 – 45.8 ±
0.1
45.2
0.2
4.5 ± 0.3

1.8± 0.2

0.89

0.76*

-0.02(0.04,0.01)

Sceloporus clarkii

23.8 ±
24 2.3

40.2 37.8 –
± 0.3 41.8

44.0 ± 40.0 – 46.0 ±
0.2
45.2
0.2
4.5 ± 0.3

2.3 ± 0.2

0.95

0.64*

-0.17(-0.05,0.001)*

Sceloporus cowlesi

8.2 ±
26 0.5

39.6 37.3 –
± 0.2 41.7

43.5 ± 41.6 – 44.5 ±
0.2
45.6
0.2
3.7 ± 0.2

1.6 ± 0.2

0.91

0.73*

-0.16(0.33,0.01)*

Sceloporus jarrovii

11

4.2 ± 0.3

1.0 ± 0.1

0.91

0.82

39.3 37.6 –

43.5 ± 42.0 – 44.2 ±

14.4 ±

26

0.03(-

2.4

± 0.3 40.4

0.2

44.3

0.2

0.04,0.11)

Sceloporus
poinsettii

29.9 ±
28 3.6

39.1 36.8 –
± 0.2 41.6

43.6 ± 41.6 – 44.3 ±
0.1
44.5
0.03 4.7 ± 0.2

0.9 ± 0.1

0.94

0.89

-0.08(-0.16,0.01)*

Urosaurus ornatus

3.4 ±
22 0.2

42.9 41.1 –
± 0.3 45.3

45.0 ± 43.5 – 46.6 ±
0.6
46.0
0.3
2.3 ± 0.3

1.7 ± 0.3

0.92

0.69*

-0.48(1.54,0.58)

Uta stansburiana

3.3 ±
10 0.3

42.4 41.0 –
± 0.6 43.7

43.8 ± 43.4 – 45.0 ±
0.9
45.5
0.6
1.2 ± 0.2

1.5 ± 0.3

0.86

0.67*

-0.58(2.63,1.48)

PT- “Panting Threshold”
CTmax- “Critical Thermal Maximum”
HTL- “Heat Tolerance Limit”
* α ≤ 0.05
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Chapter 2
Evaporative cooling via panting and its metabolic and water balance costs for lizards in the
American Southwest

Caleb L. Loughran1 and Blair O. Wolf1

1

Department of Biology, University of New Mexico

ABSTRACT
In lizards, there is considerable variation in the ability to dissipate
environmental/endogenous heat loads through evaporative cooling via panting, which effects
how long lizards can spend exposed to high solar heat loads. We recently described the differing
capacities of lizards to depress body temperature (Tb) through evaporative cooling via panting.
Here we link panting and Tb depression with rates of evaporative water loss and its metabolic
costs under high heat loads. We used flow-through respirometry to measure evaporative water
loss rates and metabolism of 17 lizard species from the American southwest while
simultaneously measuring Tb. We exposed lizards to air temperatures (Ta) ranging from 35°C to
their critical thermal maximum (CTmax) while marking the onset of panting and estimated prepanting Q10 values for metabolism to partition increases in metabolism associated with the van’t
Hoff effect from the mechanical cost of panting with increasing heat loads. We found that
evaporative cooling costs substantially varied among species, with panting effort significantly
affecting lizards’ evaporative capacity. Lizard evaporation rates ranged from 0.32 g H2O hr-1 to
1.5 g H2O hr-1, with individuals losing as much as 6% hr-1 of body mass while panting. Lizards
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also experienced an up to 7.9-fold increase in metabolic rate while panting, although the overall
energetic costs of panting remained relatively low compared to evaporative water costs. Across
species, there was a significant positive relationship between the overall rate of evaporative heat
loss and maximum Ta-Tb gradient a species could maintain. While evaporative cooling may be an
effective mechanism for reducing Tb and extending activity in hot environments for many
species, it has significant metabolic and water balance costs that should be considered, as
habitats with high environmental heat loads can be especially costly to an animal’s water
budgets.

INTRODUCTION
Lizards thermoregulate using a suite of behavioral (i.e., shuttling and body positioning)
and physiological (i.e., color change, evaporative cooling) mechanisms to maintain a stable body
temperature (Tb) in order to maximize activity times dedicated to foraging, breeding, and
territory defense (Cowles and Bogert, 1944; Norris, 1967; Bartholomew, 1982; Huey, 1982,
1991). In a recent study, Loughran and Wolf (2020) observed that when operative environmental
temperatures [Te; the equivalent Tb that integrates the effects of air temperature (Ta), wind speed
and radiative exchange] exceed a lizard’s preferred limits, many species can substantially lower
their Tb below Ta by evaporative cooling via panting. However, because panting in lizards has
historically been viewed as an ineffective thermoregulatory mechanism (Mautz, 1982a), data on
metabolic and evaporative water loss (EWL) rates have typically not been reported at
temperatures that exceed panting thresholds (Tpant) or approach the critical thermal maxima
(CTmax; e.g., Munsey, 1972; Snyder, 1975; Mautz, 1982b, Sannolo et al., 2018; Muñoz-Nolasco
et al., 2019; but see Case, 1972; Frappell and Daniels, 1991). Thus, the physiological costs that
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affect the panting efficacy of species, and the subsequent ecological consequences, remain
poorly understood. While the positive relationship between Ta and lizard metabolic rate is been
well established (Andrews and Pough, 1985), we have limited insight into the comparative
contribution of the van’t Hoff effect (often quantified as Q10, which describes the magnitude of
change in the rate of a reaction over a 10°C range), and the mechanical costs associated with
panting (i.e., increased breathing and heart rates) that increase the overall metabolic rate in
panting lizards. Disentangling these factors is key to understanding the metabolic ‘cost’ of
panting, since a species’ ability to evaporatively cool is closely tied to respiratory rates and depth
(Tattersall et al., 2006).
Evaporative cooling has potentially substantial ecological benefits such as increasing
surface activity times in hot conditions, providing individuals with a competitive edge against
conspecifics, as well as temporarily maintaining a thermal safety margin equivalent to retreating
to thermal refugia (Tracy and Christian, 1986; Sunday et al., 2014). However, the increased
water loss rates and increases in metabolism associated with elevated Ta’s while panting produce
cost and benefit tradeoffs such that lizards must recoup the water and energy costs of panting
from food items to maintain positive water and energy balance or face reduced condition or
dehydration (Bentley and Schmidt-Neilson, 1966; Huey and Slatkin, 1976; Mautz, 1982a, b;
Andrews and Pough, 1985). Understanding costs and benefits of panting and how these might
vary among species and habitats is especially important given the rapid warming and drying of
the arid regions of the world, where lizards are often diverse and abundant (Pianka and Vitt,
2003).
In this study we examine the variation in the evaporative and metabolic costs of cooling
via panting and their association with thermoregulatory performance over a range of
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temperatures for 17 lizard species from the American southwest. Since Tb increases with
increasing Ta, we also estimate the physical costs of panting by separating the van’t Hoff effect
on metabolism from metabolic increases due to the mechanical costs of ventilation. We asked the
following questions: 1) How are values for Tb depression and rates of evaporative water loss
correlated within and among species of panting lizards? 2) What are the mechanical costs of
panting, and how do these values compare to increases in metabolism due to the van’t Hoff
effect with increasing heat loads and Tb? 3) How does the efficiency of evaporative cooling (the
ratio of evaporative cooling to metabolic cost) vary within and among species? 4) What are the
potential water and energy balance costs of evaporative cooling and are these costs easily
recovered with increased activity periods under standard prey capture rates?

METHODS
Study species and handling procedures
We sampled a total of 202 lizards, including 13 species from Phrynosomatidae: zebratailed lizard (Callisaurus draconoides Blainville 1835), greater earless lizard (Cophosaurus
texanus Troschel 1852), Texas horned lizard [Phrynosoma cornutum (Harlan 1825)], greater
short-horned lizard (P. hernandesi Girard 1858), round-tail horned lizard (P. modestum Girard
1852), regal horned lizard (P. solare Gray 1845), twin-spotted spiny lizard (Sceloporus
bimaculosus Phelan and Brattstrom 1955), Clark’s spiny lizard (S. clarkii Baird and Girard
1852), southwestern fence lizard (S. cowlesi Lowe and Norris 1956), Yarrow’s spiny lizard (S.
jarrovii Cope 1875), crevice spiny lizard (S. poinsettii Baird and Girard 1852), ornate tree lizard
[Urosaurus ornatus (Baird and Girard 1852)], side-blotched lizard (Uta stansburiana Baird and
Girard 1852), as well as from Crotaphytidae: eastern collared lizard [Crotaphytus collaris (Say
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1822)], Teiidae: Chihuahuan spotted whiptail [Aspidoscelis exsanguis (Lowe 1956)], and
Iguanidae: desert iguana [Dipsosaurus dorsalis (Baird and Girard 1852)], chuckwalla
(Sauromalus ater Duméril 1856) (Table 1). Lizards were captured at multiple localities in New
Mexico and Arizona, USA between May and September of 2017 and 2018, and in May of 2019.
S. ater were captive-hatched individuals from parents originating in Riverside Co., CA, USA,
and were kept in semi-naturalistic outdoor enclosures prior to trials.
Animals were captured with a lasso attached to a ~3.7 m long pole or by hand. Following
capture, lizards were held in cloth bags and transported to the University of New Mexico
laboratory in a cooler that was kept in a climate-controlled environment (room temperature or
cooler) so to reduce activity. Animals were held no longer than 72 hours prior to trials, with a
majority of individuals (>60 %) undergoing a trial within 24 hours of being captured. Food was
withheld a minimum of 6 hours prior to trials. Lizards were offered water ad libitum with a wet
paper towel or free-standing water. Following trials, lizards were euthanized with a mixture of
MS-222 and water and deposited into the Museum of Southwestern Biology. Animal care
protocols were approved by the Institutional Animal Care and Use Committee of the University
of New Mexico (protocol no. 16-200437-MC). Lizards were captured under permits from the
New Mexico Game and Fish Department (#3627) and the Arizona Game and Fish Department
(#SP510878). Ironwood Forest National Monument also granted permission to collect animals.
Ta and Tb measurements
Ta and Tb were measured using a thermocouple thermometer (model TC-2000, Sable
Systems, Las Vegas, NV, USA) with two Cu-Cn thermocouples (Physitemp, model RET-4
Clifton, NJ, USA) inserted in the animal chamber via a small hole sealed with silicon glue. One
thermocouple measured chamber Ta and the second thermocouple measured Tb and was inserted
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~10 mm (up to 20 mm for larger lizards such as chuckwallas) into the lizard’s cloaca and was
held in place with a 1 cm wide piece of vinyl electrical tape.
Measurement of metabolic and evaporative water loss rates
Metabolic rate and EWL measurements were made over a Ta range of 35° to 50°C using a
flow-through respirometry system. The respirometry chamber consisted of a transparent plastic
container (1.7 L, 12 cm × 8 cm × 16 cm for lizards under 50 g; 3.6 L, 20 cm × 8 cm × 22 cm for
lizards over 50 g, Snapware Total Solutions, Pyrex, Greencastle, PA, USA) sealed by a snaplatch lid lined with a silicone gasket. Before measurements, we tested the chambers for ambient
air infiltration by comparing CO2 and H2O vapor concentrations in the chambers against air that
had been scrubbed in a drierite/ascarite column. The lizard chamber was placed inside an
environmental chamber (Model No. 166VL, Percival Scientific, Perry IA, USA) where
temperature was controlled to ± 0.5°C.
Incurrent air was provided from a compressed air source pushed through a purge gas
generator where air was scrubbed of CO2 (< 1 ppm) and H2O (dew point <-20°C; model
PCRMBX1A##-F, Puregas LLC, Broomfield, CO, USA). Air flow to animal chambers was
regulated by mass-flow controllers (MC-5SLPM-TFT/5M, Alicat, Tucson, AZ, USA). Flow
rates to the chamber were selected to maintain a low H2O concentration (< 5 ppt water vapor).
Depending on H2O concentrations and animal body mass (Mb), flow rates ranged from 0.5–5
standard liters per minute (SLM). Excurrent air from the chambers and baseline air were
subsampled by a multiplexer (model TR-RM8, Sable Systems) that was electronically
programmed to switch between chamber and baseline at 5-minute intervals. Subsampled air was
directed to a CO2/H2O gas analyzer (model LI-840A in 2017, model LI-7000 in 2018 and 2019,
LI-COR, Lincoln, NE, USA) at approximately 300 mL min-1. Gas analyzer units were zeroed

33

with drierite- and ascarite-scrubbed air and spanned with a dew point generator set at 5°C (model
LI-610, LI-COR) and with a known CO2 gas mixture (1802 ppm). Voltage outputs from the
thermocouple and gas analyzer units were digitized using an analog-digital converter (model UI2, Sable Systems), and were recorded once per second by Expedata (version 1.4.15, Sable
Systems). All tubing in the system was ¼ inch Bev-A-Line IV tubing (Thermoplastic Processes
Inc., Warren, NJ, USA).
Experimental protocol
Lizards were weighed to ± 0.1 g accuracy on a digital scale (model V31XH202, Ohaus,
Parsippany, NJ, USA) and placed into the lighted chamber at a Ta of 35°C and were left until Ta
and Tb equilibrated, allowing for habituation to the chamber environment. Any fecal material
produced prior to or during the trial was removed from the chamber, weighed, and subtracted
from initial body weight, and the chamber environment was allowed to re-equilibrate.
Experimental trials commenced when Tb was equal to Ta (± 0.2°C). We started all lizards at 35°C
and then increased to 38°C, then followed by increases in 2°C increments until the lizard reached
its approximate CTmax. Lizards were held at each temperature for approximately 30-minutes to
allow Tb to equilibrate to Ta before ramping up to the next temperature. Lizard activity was
monitored via video camera and activity measurements were categorized as ‘inactive’, ‘brief
activity’, ‘continuous activity’, and ‘panting’. It was noted when lizards were continuously
active, when a lizard engaged in running or jumping for longer than 5 seconds, and those
measurements were removed from the data series. A detailed description of heating protocol and
the criteria used for measuring CTmax is described in Loughran and Wolf (2020). In brief, a
lizard’s CTmax was designated when (1) there was a sharp increase in Tb, indicating evaporative
cooling was no longer effective, (2) a lizard showed prolonged distress or escape behavior (i.e.,
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continuous running/jumping) for >5 min, (3) chamber CO2 values fell sharply, indicating heat
shock, and (4) a lizard showed a loss of balance or righting response (LRR), including the onset
of spasms (OS; Lutterschmidt and Hutchison, 1997; see Loughran and Wolf 2020 for
discussion). We designate the maximum Ta experienced by the lizard at their CTmax as the Heat
Tolerance Limit (HTL). Following each trial, the lizard was removed from the chamber,
reweighed, and allowed to recover in a cotton bag with a wet paper towel until its Tb stabilized to
approximately room temperature.
Data analysis
For each trial, we selected the lowest 5-min average CO2 readings per recorded
temperature. Segments where “continuous activity” was observed were excluded from the
analyses. We used equations 10.5 and 10.9 from Lighton (2008) to determine rate of CO2
production in ml min-1 and H2O production in mg hr-1, respectively. We assumed a respiratory
quotient (RQ) of 0.71 for lizards. We used a thermal equivalent of 27.8 J ml-1 CO2 produced to
estimate metabolic heat production (MHP; Walsberg and Wolf, 1995), and the latent heat of
water vaporization of 2.41 J mg-1 H2O to estimate evaporative heat loss (EHL; Tracy et al.,
2010). MHP and EHL estimates are reported in milliwatts per gram (mW g-1). We define
metabolic and evaporative scope as the ratio of the maximum observed rate to the minimum
observed rate and define evaporative heat dissipation efficiency (EHD) as the ratio of EHL to
maximum MHP.
All statistical analyses were carried out using R software (version 4.0.2, r-project.org). To
determine the effect of panting on metabolic and evaporation rates, panting status was divided
into two categories when making comparisons over a range of Ta’s: “panting” and “not panting”.
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Because lizard metabolic and evaporation rates increase with Ta, we included Ta as a covariate in
ANCOVA’s to examine the effects of panting on these physiological parameters.
To estimate the van’t Hoff effect, where metabolic rate increases were due to increases in
Tb, we calculated the Q10 of each individual lizard prior to the onset of panting using the
following equation:

Where R is metabolic rate and T is temperature in °C (Bennet, 1980). R1 and T1 are the first
recorded metabolic rate and Tb for each individual, respectively, and R2 and T2 are the last
recorded metabolic rate and Tb before panting for each individual. Individuals that did not have
multiple temperature readings prior to panting were excluded from calculations. Depending on
the pre-panting Tb’s selected for an individual lizard, the T2-T1 difference typically ranged from
2-4°C. To estimate potential maximum metabolic rates using pre-panting Q10 estimates, the Q10
formula was rearranged as follows:

Where T1 is the Tb at the first recorded metabolic rate, R1, T2 is the Tb at the individual’s
observed CTmax, and Q10 is the individual lizard’s calculated pre-panting Q10. Predicted
maximum metabolic rate values were compared to observed maximum values, and mean
differences between the two estimates were used in subsequent regression models to estimate the
relationship between the metabolic cost of panting and evaporative heat loss. Because Q10 can
change with Tb, we also calculated R2 with a Q10 of 2.5 for comparison (Withers et al., 2000;
Watson and Burggren, 2016). This value falls within commonly measured Q10 estimates of 2-3
for lizards (e.g., Bennett, 1980; Bartholomew, 1982).
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We used a linear mixed-effects model using the nmle package in R (https://CRAN.Rproject.org/package=nmle) when analyzing the relationships between the cost of panting (i.e.,
maximum observed – predicted MHP) and maximum EHL, maximum EHL with maximum Ta-Tb
gradient, and Mb with percent Mb hr-1 lost. Lizard family was included as a main effect when
making model comparisons, with individual lizard nested within species treated as a random
factor in each respective model. Because we account for mass-specific rates of MHP and EHL,
we did not include Mb as a main effect in those respective model analyses. We used likelihood
ratio tests and AIC scoring in model selection where model performance was compared.

RESULTS
Evaporative water loss
There was a significant increase in EWL (mg g-1 hr-1) with increasing Ta for all species
and a significant effect of panting on water loss rate for 14 species (Fig. 2.1, Table 2.1): C.
collaris: 24.4-fold increase (F1,136 = 129.4, P < 0.001), D. dorsalis: 16.2-fold increase (F1,73 =
80.6, P < 0.001), S. ater: 13.7-fold increase (F1,57 = 22.8, P < 0.001), C. draconoides: 14.3-fold
increase (F1,63 = 30.3, P < 0.001), C. texanus: 17.5-fold increase (F1,65 = 101.0, P < 0.001), P.
cornutum: 15.9-fold increase (F1,31 = 11.21, P < 0.01), P. modestum: 26.2-fold increase (F1,54 =
49.3, P < 0.001), P. solare: 12.2-fold increase (F1,9 = 50.5, P < 0.01), S. bimaculosus: 11.9-fold
increase (F1,59 = 18.3, P < 0.001), S. clarkii: 14.2-fold increase (F1,79 = 49.4, P < 0.001), S.
cowlesi: 10.3-fold increase (F1,63 = 7.1, P < 0.001), S. jarrovii: 10.6-fold increase (F1,49 = 23.8, P
< 0.001), U. ornatus: 11.7-fold increase (F1,76 = 114.9, P < 0.001), and U. stansburiana: 5.4-fold
increase (F1,42 = 15.4, P < 0.001). While panting, slopes ranged from 0.01 g h−1 °C−1 for S.
poinsettii to 0.18 g h−1 °C−1 for S. ater. Minimum rates of EWL (g hr-1) at Ta = 35°C varied from
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an average of 0.01 g hr-1 for C. draconoides to 0.09 g hr-1 for S. ater, whereas maximum rates of
EWL varied from an average of 0.72 g hr-1 for U. stansburiana to 1.51 g hr-1 for S. ater (Table
2.1).

Fig. 2.1. Evaporative water loss (mg g-1 hr-1) and evaporative heat loss (mW g-1) as a
function of air temperature (Tair). Blue lines indicate evaporation rate before panting. Red lines
indicate evaporation rate after panting. There was a positive relationship between Tair and
evaporation rate in all species, and a significant increase in evaporation following panting for 14
species.

Lizards lost an average of 6.4% Mb over the course of a trial, and an average of 2.8% Mb
hr-1 while panting at maximum capacity. There was a significant negative association between
Mb and the percent Mb hr-1 lost while panting (F1,182 = 40.4, P < 0.001), with a significant
interactive effect of lizard family (F3,182 = 11.5, P < 0.001) accounting for different average body
masses of families (i.e., Iguanidae vs. Phrynosomatidae). Small-bodied lizards tended to lose
greater percent body mass at higher rates than large-bodied lizards, with the smallest lizards (U.
oranatus and U. stansburiana) losing approximately 2.1 and 4.0% Mb hr-1, respectively, whereas
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the largest lizards (S. ater) lost an average of 1.4% Mb hr-1 while panting at maximum capacity
(Table 2.1).
Metabolic heat production and metabolic cost of panting
There was a significant increase in MHP (mW g-1) with increasing Ta for all species and
the onset of panting had a significant effect on the increase of metabolic rate for 10 species (Fig.
2.2, Table 2.2): C. collaris: 5.5-fold increase (F1,136 = 21.8, P < 0.001), D. dorsalis: 6.8-fold
increase (F1,73 = 23.6, P < 0.001), C. draconoides: 5.2-fold increase (F1,63 = 43.9, P < 0.001), C.
texanus: 7.2-fold increase (F1,65 = 7.8, P < 0.01), S. bimaculosus: 3.7-fold increase (F1,56 = 5.3, P
= 0.02), S. clarkii: 5.0-fold increase (F1,79 = 21.9, P < 0.001), S. cowlesi: 3.1-fold increase (F1,63 =
10.7, P < 0.01), S. jarrovii: 3.4-fold increase (F1,49 = 6.3, P = 0.015), U. ornatus: 4.2-fold
increase (F1,76 = 67.9, P < 0.001), and U. stansburiana: 2.5-fold increase (F1,42 = 14.0, P <
0.001). These values of the metabolic rate increase represent the increase in MHP from the trial
onset to the CTmax.
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Fig. 2.2. Metabolic heat production (mW g-1) as a function of air temperature (Tair). Blue
lines indicate metabolic rate before panting. Red lines indicate metabolic rate after panting.
There was a positive relationship between metabolic rate and Tair for all species, and many
species showed a significant uptick in metabolic rate following the onset of panting.

The maximum observed MHP significantly exceeded maximum predicted MHP
estimates from pre-panting Q10 values for 10 species (Fig. 2.3): C. collaris: 4.3 mW g-1 (123%
higher, t = 6.4, P < 0.001), D. dorsalis: 4.2 mW g-1 (127% higher, t = 4.7, P < 0.001), C.
draconoides: 3.6 mW g-1 (97% higher, t = 4.1, P < 0.001), C. texanus: 5.4 mW g-1 (109% higher,
t = 4.6, P < 0.001), P. cornutum: 4.1 mW g-1 (120% higher, t = 2. 4, P = 0.04), P. hernandesi:
2.9 mW g-1 (61% higher, t = 3.1, P < 0.01), S. bimaculosus: 3.0 mW g-1 (74% higher, t = 3.0, P =
0.01), S. clarkii: 5.0 mW g-1 (137% higher, t = 9.0, P < 0.001), S. cowlesi: 3.0 mW g-1 (63%
higher, t = 4.4, P < 0.001), and U. ornatus: 5.6 mW g-1 (117% higher, t = 6.9, P < 0.001).
Maximum MHP values of all other species were not significantly different than expected from
pre-panting Q10 estimates, although P. solare, S. jarrovii and S. ater did have maximum MHP
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values that appeared to exceed estimates by 3.7 (102% higher), 1.4 (29% higher) and 1.5 (34%
higher) mW g-1, respectively, indicating a modest metabolic input from panting (Table 2.2). A.
exsanguis, P. modestum, S. poinsettii, and U. stansburiana had maximum MHP values that were
within 1 mW g-1 of Q10 predictions, indicating minimal effect of panting on overall increase in
metabolic rate. The maximum observed MHP significantly exceeded maximum MHP estimates
from a Q10 of 2.5 for the 11 species (Fig. 2.3): C. collaris (t = 5.6, P < 0.001), C. draconoides (t
= 2.8, P = 0.01), C. texanus (t = 6.9, P < 0.001), D. dorsalis (t = 4.7, P < 0.001), S. ater (t = 2.2,
P = 0.02), P. cornutum (t = 1.9, P = 0.48), S. bimaculosus (t = 3.7, P < 0.01), S. clarkii (t = 9.0, P
< 0.001), S. cowlesi (t = 2.0, P = 0.02), S. jarrovii (t = 2.2, P = 0.02), and U. ornatus (t = 4.9, P <
0.001).

Fig. 2.3. Maximum observed metabolic heat production (MHP; mW g-1; dark grey bars),
estimates of maximum MHP values calculated using a Q10 value of 2.5 (light grey bars), and
pre-panting Q10 maximum MHP estimates (white bars). Many species had higher metabolic
rates than predicted from pre-panting Q10 values. The physical cost of panting can be estimated
by subtracting the estimated Q10 values from the observed maximum metabolic rate.
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Heat loss while panting
Evaporative heat loss while panting dictated a lizard’s ability to maintain a negative Ta-Tb
gradient in all but one species: C. collaris (F1,73 = 152.4, P < 0.001), D. dorsalis (F1,28 = 24.9, P <
0.001), S. ater (F1,27 = 37.1, P < 0.001), C. draconoides (F1,19 = 10.7, P < 0.01), C. texanus (F1,27
= 39.4, P < 0.001), P. cornutum (F1,21 = 13.7, P < 0.01), P. hernandesi (F1,54 = 40.5, P < 0.001),
P. modestum (F1,30 = 67.9, P < 0.001), P. solare (F1,7 = 46.4, P < 0.001), S. bimaculosus (F1,33 =
25.7, P < 0.001), S. clarkii (F1,51 = 50.5, P < 0.001), S. cowlesi (F1,40 = 65.5, P < 0.001), S.
jarrovii (F1,31 = 39.0, P < 0.001), S. poinsettii (F1,67 = 7.2, P < 0.01), U. ornatus (F1,28 = 30.6, P <
0.001), and U. stansburiana (F1,9 = 11.0, P < 0.01).

Fig. 2.4. Mean maximum Ta-Tb gradient (°C) as a function of mean maximum evaporative
heat loss (mW g-1) while panting for each species. R2 = 0.48. Dot colors different families of
lizards sampled (black = Phrynosomatidae; green = Iguanidae; red = Crotaphytidae; blue =
Teiidae). There is a strong significant positive relationship between maximum heat loss and
maximum gradient, independent of family.
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Across species, there was a significant positive relationship between maximum EHL and
maximum Ta–Tb gradient (F1,184 = 79.7, P < 0.001; Fig. 2.4) with no significant interactive effect
of lizard family (F3,186 = 1.21, P = 0.31). There was also a significant effect of the metabolic cost
of panting (i.e., maximum observed – predicted MHP) on maximum evaporative heat loss (F1,182
= 18.9, P < 0.001), with a positive relationship between maximum EHL and metabolic cost (Fig.
2.5), with no interactive effect of lizard family on maximum EHL rate (F3,182 = 2.4, P < 0.07).
During panting, rates of evaporative heat dissipation efficiency (ratio of maximum EHL to
maximum MHP) increased significantly with increasing Ta (F1,241 = 69.4, P < 0.001) and varied
with species (F15,129 = 7.6, P < 0.001), indicating significant variation in the relative increase of
MHP and EHL among species. A. exsanguis and S. poinsettii had the lowest overall evaporative
heat dissipation efficiency while panting, at 1.5 ± 0.1 and 1.9 ± 0.1, respectively, owing to their
high MHP (A. exsanguis) or low EHL (S. poinsettii) when exposed to high air temperatures. In
contrast, C. collaris, P. solare, and P. modestum had the highest evaporative heat dissipation
values, at 5.0 ± 0.5, 4.9 ± 1.9, and 6.1 ± 0.9, respectively, due to their high EHL values and
comparatively low MHP values (Table 2.2). Interestingly, S. ater, which had a relatively low
average evaporative heat loss value of 2.0 ± 0.2, still managed to significantly lower its Tb an
average of 1.7°C below Ta while panting, whereas S. jarrovi, which had a moderate EHD of 2.8
± 0.2, was only able to lower its Tb an average of 1.0°C below Ta while panting (Tables 2.2, S1).
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Fig. 2.5. Mean maximum evaporative heat loss (mW g-1) as a function of the metabolic cost
of panting (observed MHP – prepant Q10 predicted maximum metabolic heat production;
mW g-1) for each species. R2 = 0.18. Dot colors are different families of lizards sampled (black
= Phrynosomatidae; green = Iguanidae; red = Crotaphytidae; blue = Teiidae). Species that had a
greater metabolic cost of panting tended to have higher maximum rates of evaporative heat loss.

DISCUSSION
Our results show that evaporative water loss and the capacity for Tb depression are tightly
linked, and moreover are closely tied to the metabolic costs of panting (panting effort). They also
highlight the complex dynamics between evaporative cooling, metabolic heat production, and
thermoregulation. Although there is a rich literature that has explored the relationship between
lizard thermal biology and metabolism (see Andrews and Pough, 1985; Huey, 1991), few studies
have surveyed the osmoregulatory and metabolic costs of evaporative cooling at temperatures
that exceed a lizard’s panting threshold (see Crawford and Kampe, 1971; Case, 1972). Although
the early studies of Dawson (1960), Templeton (1960), and Dawson and Templeton (1963, 1966)
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greatly increased our understanding of lizard thermoregulation, technical challenges precluded
quantifying metabolic heat production, evaporative heat loss and Tb at critical thermal thresholds
(reviewed in Bartholomew, 1982). This study provides a better understanding of costs and
benefits of evaporative cooling in lizards and adds markedly to a growing body of literature that
recognizes the potential importance of water in the thermoregulatory performance of ectotherms
(see Sunday et al., 2014; Pintor et al., 2016; Riddell et al., 2017; Pirtle et al., 2019; RozenRechels et al., 2019). In the following discussion, we provide an overview of 1) how the
variation in Tb depression among species is associated with evaporative cooling, 2) the
mechanical costs of panting, and how this relates to increases in metabolism, 3) how heat loads
relative to evaporative cooling (i.e., evaporative heat dissipation efficiency) vary within and
among species, and 4) the overall costs of panting to energy and water balance of a species. We
also focus briefly on the utility of evaporative cooling as it might relate to population persistence
under future climate change.
Evaporative water loss and Tb depression
We wanted to understand the role that evaporative cooling via panting played in a lizard’s
ability to thermoregulate. Earlier studies provided differing opinions on the importance of
panting to lizard thermoregulation with some workers highlighting the utility of panting in
lowering head temperature or offsetting environmental heat loads (e.g., Dawson and Templeton,
1963; Case, 1972; Webb et al., 1972; Crawford et al., 1977), while others suggested that panting
is barely adequate to offset metabolic heat loads (Dawson and Templeton, 1966; Mautz, 1982a).
Here we explore the large variation in the capacity among species to depress Tb and how this is
linked to evaporative cooling (Tattersall et al., 2006).
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Rates of evaporative water loss increased in all species with the onset of panting,
although the cooling effects were highly variable among species (Fig. 2.1). Across species, there
was a high correlation between rates of EWL and Tb depression, with species that had the
greatest evaporative rates during panting depressing Tb 2–3°C below Ta (Fig 2.4). Among the
most effective were C. collaris, which evaporated water at a maximum rate of 37.3 mg H2O g-1
hr-1 roughly equivalent to an evaporative heat loss rate (EHL) of 25 mW g-1, followed by S.
clarkii with a maximal EWL rate of 36.8 mg H2O g-1 hr-1 (equivalent to 25.6 mW g-1), and P.
modestum which showed a maximal evaporative rate of 55 mg H2O g-1 hr-1 (equivalent to 36.8
mW g-1). In contrast, species such as A. exsanguis and S. poinsettii showed more modest
increases in EWL following the onset of panting with maximal observed EWL rates of 20.1 mg
H2O g-1 hr-1 (~13.4 mW g-1) and 13.1 mg H2O g-1 hr-1 (~9.3 mW g-1), which resulted in minimal
depression in Tb (Tables 2.1, S1). This observed relationship between Tb depression and EWL
stems from the latent heat of water vaporization, where heat is carried away from the body when
water evaporates from lung surfaces and is pumped out via breathing (Richards, 1970;
Robertshaw, 2006). As a result, species that had the highest Ta-Tb gradient were able to depress
their Tb by mobilizing endogenous water reserves.
While there are several studies that have described the EWL rates of some species used in
this study, comparative data on EWL rates at air temperatures that exceed a lizard’s Tpant or
approach its CTmax are limited. Most measurements of EWL have been obtained at Ta’s below
species’ Tpant (e.g., Claussen, 1967; Crawford and Kampe, 1971; Munsey, 1972; Mautz, 1982a;
Gilbert and Lattanzio, 2016). When Dawson and Templeton (1963) measured EWL rates for C.
collaris at high temperatures, they reported EWL rates of 1.0–6.0 mg H2O g-1 hr-1 at 40-45°C.
Similarly, Templeton (1960) measured EWL rates for D. dorsalis at air temperatures above its
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Tpant, reporting water loss rates at 3.6 mg H2O g-1 hr-1. While these studies suggested that
evaporative heat loss can account for more than heat solely produced from metabolism, their
EWL values are roughly 5-10% of our reported values at the same temperatures. However, these
studies did not control for ambient humidity, which likely resulted in underestimating total EWL
and the lizard’s overall evaporative capacity. In contrast with these studies, Case (1972)
measured rates of EWL of 10.2–19.9 mg g-1 hr-1 in S. ater [obesus] when heated to temperatures
of 37–47°C, noting that they maintained a Ta-Tb gradient of 1–4°C. This aligns with our reported
values of an average EWL of 13.9 mg g-1 hr-1 for this species, which maintained an average
gradient of 1.7°C (Tables 2.1, S1).
Overall, species differences represented a five-fold variation in EWL and cooling ability,
with evaporative scopes (magnitude of increase in evaporation from 35°C to CTmax) ranging
from roughly 5 at the low end (A. exsanguis, S. poinsettii) to roughly 25 at the high end (C.
collaris, P. modestum, S. clarkii; Table 2.2). This represented differences in the ability to depress
Tb ranging from 0.7–2.7°C (Table S1). Although baseline EWL values at Ta 35°C are
comparable across species, the maximum values across species are highly variable, even within
genera. For example, the evaporative scope of Sceloporus ranged from 4.5 (S. poinsettii) to 24.6
(S. clarkii). This suggests that evaporative cooling ability is not a conserved trait within genera
and aligns with the conclusion of Loughran and Wolf (2020) the Tb depression ability is
phylogenetically independent. Furthermore, these data show that the cooling ability of species is
directly related to water evaporated, with species that evaporate greater amounts of water while
having significantly greater Tb depression (Fig. 2.4).
Metabolic costs of cooling

47

We sought to quantify the metabolic cost of panting for lizards by separating temperature
induced increases to metabolic rate (i.e., van’t Hoff effect) from increases in metabolism due to
the physical cost of panting. This allows us to establish how energetically expensive panting is
for lizards, as well as better understand the role of Ta in lizard’s metabolic rate when
temperatures exceed Tpant. To estimate the temperature induced increases in metabolism we
calculated a pre-panting Q10 value and used this value to account for temperature induced
changes in metabolism above the panting threshold to the CTmax. Our pre-panting Q10 values
compare well to literature estimates of Q10 values over this temperature range (e.g., Crawford
and Kampe, 1971; Watson and Burggren, 2016). As a second check on our estimates of the van’t
Hoff effect, we used a Q10 = 2.5, a commonly accepted value, across all species to compare our
pre-panting Q10 values (Withers et al., 2000). We found no differences in Q10 across species
using our pre-panting values compared to a value of 2.5 (Fig. 2.3).
Overall, metabolic rates at the CTmax were from 3-fold (A. exsanguis) to more than 7-fold
(C. texanus) higher than values at measured at a Ta of 35°C, with species exhibiting the greatest
panting effort (i.e., metabolic cost of panting) also showing the largest increases in EWL (Table
2.2). Although, few comparable data exist (reviewed in Andrews and Pough, 1985),
measurements by Bennett and Dawson (1972) in D. dorsalis at 25-40°C, found a roughly 3.7fold increase in metabolic rate in non-panting animals compared to our 7.5-fold increase between
Ta 35°C – CTmax (Table 2.2). Prieto and Whitford (1971) measured a 1.7-fold increase in
metabolism for P. cornutum and a 1.5-fold increase for P. hernandesi [douglassi] at 25-35°C,
whereas we measured a 5.1-fold and 3.9-fold between Tb of 35°C and the CTmax, respectively
(Table 2.2). These earlier studies present non-panting values and thus do not include the
additional panting costs we see at higher Ta’s. Crawford and Kampe (1971) in S. ater observed

48

both an increase in breathing rate and a decrease in ventilatory depth in panting animals exposed
to high heat loads. They noted a greater rate of increase in EWL compared to metabolic rate
following the onset of panting and concluded that increased breathing rates facilitated
evaporative cooling rather than just increasing oxygen uptake to compensate for the high
metabolic demand at elevated Tb. While they did not differentiate van’t Hoff effects from the
mechanical cost of panting, the increased breathing rates they observed draw a clear connection
between panting effort and evaporative heat loss.
Subtracting the estimated contribution of the Q10 effects of increasing Tb on metabolism
from the total MHP (maximum observed – Q10 predicted MHP) provides an estimate of the
metabolic cost of panting. Using these calculations, we found that the panting costs varied
widely across species but increased with evaporative cooling ability (Figs. 2.2, 2.3). We found
that ten species showed panting costs above the Q10 baseline with panting costs ranging
anywhere from < 1 times (P. modestum, S. poinsettii) to roughly 3 times greater (C. collaris, C.
texanus, D. dorsalis) than their pre-panting metabolic values at 35 °C. These values indicate that
the energetic costs of panting are comparatively low relative to the thermal effects on metabolic
rate (Table S2). However, a major consequence of minimal metabolic expenditure while panting
is a reduced circulation of air within the lungs and across mucus membranes, thus lessening
overall evaporative capacity (Fig. 2.5).
One species, A. exsanguis did not display an increase in metabolic rate above the Q10
estimates with the onset of panting. This species displayed rapid gular fluttering (opening its
mouth and rapidly pulsating the hyoid and buccal membrane) when its Tb exceeded the panting
threshold and increases in metabolism with increasing Tb tracked pre-panting Q10 MHP estimates
(Fig. 2.3). The gular flutter mechanism observed in this species may be similar to the highly
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efficient gular flutter system seen in the birds of the order Caprimulgiformes (Talbot et al. 2017),
which shows almost negligible metabolic costs. However, in contrast to Caprimulgiformes, gular
flutter in the whiptail lizards resulted increases in of 5-fold from baseline EWL but did not
produce significant Tb depression. Differences in relative surface areas or vascularity of the gular
area in whiptails compared to Caprimulgiformes may, in part, explain the stark differences in
evaporative cooling performance (Cowles and Dawson, 1951). Behavioral differences may also
affect evaporative cooling performance; Caprimulgiformes rest on the open ground where they
are exposed to high environmental heat loads, whereas whiptail lizards move continuously
shuttling between different shade patches while foraging and may simply retreat below ground to
avoid overheating and desiccation (Ryan et al, 2016).
Species differences in evaporative cooling efficiency
One of our goals was to understand the overall diversity and capacities of lizard species
to dissipate environmental heat loads via panting relative to their metabolic heat production. By
dividing maximum EHL by total MHP at the same air temperature, we produced a ratio of
evaporative heat loss to metabolic heat produced during panting which we call evaporative heat
dissipation efficiency. Values that are high (≥5) indicate a high rate of evaporative heat loss
relative to metabolic heat produced, whereas low values (< 2) indicate minimal heat loss relative
to metabolic heat produced (Table 2.2). These ratios allow some comparisons among species or
taxa that occupy arid environments, since evaporative cooling ability may affect heat tolerance
and vary across species’ distributions (Sunday et al., 2014; Albright et al., 2017).
Our values for evaporative heat dissipation efficiency for lizards varied from
approximately 1.9 ± 0.1 (S. poinsettii) to 6.1 ± 0.9 (P. modestum) and are reflective of the of the
overall Tb depression abilities reported in Loughran and Wolf (2020). Species that show higher
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EHL/MHP ratios have greater Tb depression capacities, which appear to be linked to a species
ecology, habitat and/or morphology. C. collaris and species in the genus Phrynosoma, for
example, are sit-and-wait foragers that may spend extended periods exposed to high solar heat
loads. At high air temperatures, high solar heat loads may greatly limit exposure time and require
frequent retreats to shaded microhabitats such rock crevices, burrows or the deep shade offered
by some desert vegetation. Mitigation options for reducing solar heat loads include reducing
solar absorption via color change and orientation to minimize the surface area exposed to solar
radiation (Stevenson, 1985). A consequence of this foraging mode is that individuals that opt to
extend time for foraging or territory defense in the open must be able to mitigate prolonged solar
heat loads, or regularly retreat to shade patches to maintain a preferred Tb. Species that pant and
have high cooling capacities may thus extend foraging bouts and be able to minimize retreat
times. Yet, with moderate increases in panting effort when temperatures exceed Tpant, these
species can effectively dissipate heat with minimal energy expenditure. In contrast to its
congeners (i.e., S. jarrovii and S. poinsettii), S. clarkii had a notably high heat dissipation of
value of 4.4 ± 0.3, meaning that its rate of evaporation was over on average 4-times higher than
its metabolic rate, and is comparable to C. collaris and P. modestum values of 5.0 ± 0.5 and 6.1 ±
0.9, respectively. Because S. clarkii occupies habitats that range from desert upland to riparian
woodland and coniferous forest, its tendency to increase panting effort may reflect an ability to
tolerate heat loads in a wide array of thermal environments (i.e., phenotypic plasticity). This may
confer a competitive advantage over congeners that have lesser capacities for cooling (i.e., S.
jarrovii and S. poinsettii) in regions where these species are sympatric (e.g., Wiens et al., 2019).
Because panting abilities are not phylogenetically conserved across these species, the variation
seen panting effort among Sceloporus may lend support to the climatic variability hypothesis,
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where species that occupy a wide range of thermal environments tend to have a greater breadth
of thermal tolerances (reviewed in Gaston et al., 2009; Loughran and Wolf, 2020).
The observed EHL/MHP ratios for lizards near their critical limits are surprisingly higher
than those attained in similarly sized panting endotherms such as birds (see McKechnie et al.,
2017; Smith et al., 2017). This may partially be explained by the much higher overall rates for
MHP and EWL in endotherms (i.e., ~10 times higher in endotherms) compared to those of
ectotherms at similar body temperatures. Thus, endotherms such as birds must contend with
metabolic heat loads that are comparatively very large (McKechnie and Wolf, 2019). As a result,
evaporative cooling via panting in lizards is more efficient than that observed in a similar-sized
endotherm, such as a bird. That is, less body water is used to dissipate metabolic heat in lizards
compared to birds. For example, in S. cowlesi (mean mass = 8.2 g) we observed maximum EHD
values of 3.1 ± 0.3, whereas maximum EHD values of a lesser goldfinch (Spinus psaltria, mean
mass = 9.7 g) are approximately 1.5 (Smith et al., 2017). Similarly, C. collaris (mean mass =
31.3 g) had a mean maximum EHD of 5.0 ± 0.5, where pyrrhuloxia (Cardinalis sinuatus, mean
mass = 33.6) and cactus wren (Campylorhynchus brunneicapilus, mean mass = 34.5 g) have
mean maximum EHD values of 1.47 and 2.06, respectively (Table 1). This stark difference in
ratios of EHL to MHP highlights the contrast in the ability of lizards to tolerate high
environmental heat loads and modulate activity during parts of the day that are largely
unavailable to many similar sized songbirds. Furthermore, it suggests that it is less energetically
costly to use evaporative cooling in lizards because of their low metabolic rates.
Water and energy balance
To understand the broader ecological consequences of thermoregulatory panting for
lizards, it is essential to establish how panting may affect energy and water balance for a given
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species, and how they may be able to use panting to augment foraging and breeding
opportunities. For species that are able evaporate large quantities of water while panting, the cost
to an individual’s water budget can be substantial, and the volume of prey items required to
recoup water loss can quickly accumulate. Conversely, for those species that cannot cool
evaporatively, having to frequently retreat to thermal refugia may result in a cumulative loss of
opportunities for activity (Sinervo et al., 2010). Furthermore, depending on the species’ rates of
evaporation, these tradeoffs may be ameliorated or exacerbated in differing habitats, where the
range of environmental heat loads can vary drastically (i.e., arid lowlands versus riparian or
montane uplands; Congdon et al., 1982; Mautz, 1982b). We can use field metabolic rate (FMR)
and water flux rate data from the literature to explore how panting might affect an individual
lizard’s energy and water balance.
Water deficits accrued while panting can rapidly account for a significant portion of a
lizard’s daily water budget. We found that lizards lost anywhere from 70 mg H2O hr-1 (U.
stansburiana, mean Mb = 3.4 g) to >1500 mg H2O hr-1 (S. ater, mean Mb = 114 g) while panting
at their upper heat tolerance limits (Table 1). For example, Congdon et al. (1979) estimated the
average daily water flux of S. jarrovii (mean Mb = 11 g) to be approximately 10 ml H2O kg-1 day1

of water (0.03 mg g-1 hr-1), or about 1% of Mb day-1. When S. jarrovii is panting near their

CTmax, we observed average maximum EWL rates in of 23.8 mg H2O g-1 hr-1. Thus, an hour of
panting is roughly 240% of this species’ daily water budget based on these water flux values.
Similarly, Congdon et al. (1982) estimated daily water flux rates up to 27.7 ml H2O kg-1 day-1
(0.3 mg g-1 hr-1) in U. ornatus, or about 3% Mb day-1. We measured evaporative rates of 40.8 mg
H2O g-1 hr-1, which is approximately 147% of U. ornatus daily water flux values for each hour at
the upper thermal limits. In contrast, while larger-bodied species also evaporated substantial
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amounts of water while panting, the overall depletion relative to their water budget is lower. For
example, Mautz and Nagy (1987) estimated water flux rates up to 47.9 ml H2O kg-1 day-1 (0.05
mg g-1 hr-1) in D. dorsalis (mean Mb = 57g); we observed maximum panting EWL 22.5 mg g-1
hr-1, or about 47% of daily water budget. Nagy (1972) estimated 24.5 ml H2O kg-1 day-1 (0.01 mg
g-1 hr-1) in S. ater (mean Mb = 175 g); we observed EWL of 13.9 mg g-1 hr-1 at the CTmax, or
about 57% daily water budget. D. dorsalis and S. ater, unlike most of the other species in our
study are mostly herbivorous and consume primarily fresh flowers and herbaceous matter
(Kwiatkowski et al., 2009; Lemm, 2009). For these desert lizards, free water is scarce, and their
low metabolic rates result in relatively little metabolic water produced. Because most of their
body water comes from food, which is most abundant in the spring and early summer, these
species probably rely minimally on thermoregulatory panting during mid-summer, when green
herbaceous vegetation is less available, and instead regularly retreat to cooler thermal refuges
such as burrows or rocky shelters (Minnich and Shoemaker, 1970; Nagy, 1972; Shoemaker and
Nagy, 1977; Mautz and Nagy, 1987). Most other species are insectivores and their abundance
my also determine whether thermoregulatory panting can be employed.
A caveat of these comparisons of water loss is the disparate body sizes of these species;
for small-bodied species (i.e., U. ornatus or U. stansburiana), the mass-specific rates of water
loss are much higher than large-bodied species (i.e., S. ater; C. Loughran, unpublished data). The
higher rates of evaporative water loss for small-bodied species have important consequences for
modulating activity times available to individuals, as higher rates of heat and water flux
constrain thermoregulatory opportunities when different sized individuals are placed in similar
thermal conditions (Loughran, 2014; Sears et al., 2016). For instance, when Kearney et al. (2020)
modeled thermoregulatory behavior of different sized lizards under the same thermal conditions,
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they found that a 10 g lizard had to shuttle between microclimates 5-times more frequently than a
1000 g lizard under the same thermal conditions to maintain heat balance. In the context of
evaporative cooling, because small-bodied lizards lose water at significantly higher rates than
large-bodied lizards, it is more costly to employ panting as a thermoregulatory mechanism,
which may lead smaller individuals to favor thermoregulatory shuttling over evaporative cooling.
In contrast, because a large-bodied lizard has relatively lower water depletion rates, there is
greater potential to use thermoregulatory panting to gain surface activity time without severely
depleting water reserves, which may return a competitive advantage when animals are subject to
high heat loads
Compared to the large effects of panting on water budgets, the metabolic costs of panting
appear to be relatively modest. We can use FMR data estimate the costs of panting as a
proportion of daily energy expenditure for several of our study species using Nagy et al. (1999).
By dividing the metabolic rate while panting into FMR, we can estimate the overall proportion of
daily energy expenditure required for panting. For example, FMR values for U. stansburiana are
approximately 0.67 kJ day-1 (roughly equivalent to 186 mW), which equates to approximately
58.1 mW g-1 day-1 for a 3.4 g lizard. Because we measured U. stansburiana MHP to be 5.9 mW
g-1 (Table 1) at its upper thermal limits, we can estimate that one hour of panting near thermal
limit for U. stansburiana is equivalent up to ~10.7% of daily energy expenditure. Using FMR
data from other species in Nagy et al. (1999), they report that S. jarrovii consumes 1.9 kJ day-1
(roughly 527 mW); we measured 6.3 mW g-1 for S. jarrovii while panting, or roughly 17% of its
daily energy expenditure for one hour of panting. For D. dorsalis, daily energy expenditure is
reported at 6.5 kJ day-1 (roughly 1805 mW). Panting near the thermal limits for one hour would
account approximately 15% of its daily energy budget. Although these costs are predicated on
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one hour of continuous panting, we recognize that this is highly unlikely in nature, and that
species are more likely to employ intermittent panting when Ta’s are near Tpant or retreat to
thermal refugia. Given this assumption, our estimates suggest that intermittent panting to cool
may only account 5-10% of daily energy expenditure at the extremes. What is the challenge to
make up potential energy deficit for an insectivorous lizard? Much of the insect prey consumed
have wet masses of 5 mg (Diptera) to 500 mg (Coleoptera), where energy content averages 19-23
kJ g-1 of metabolizable energy (Bell, 1990; Karasov, 1990). Because the energetic requirements
of panting are relatively low compared to the energetic content of a prey item, lizards that extend
foraging hours by panting and capture prey can potentially accumulate energy in excess of their
daily requirements (i.e., fat; Bennett and Nagy, 1977). In contrast, rates of water loss during
panting at the thermal limits are very large and even intermittent panting can potentially risk
rapid dehydration without adequate replenishment.
We can model the costs to replenish water reserves by estimating the amount of potential
evaporative heat loss contained within a prey item. Since lizards evaporate water to dissipate
heat while panting, the water contained in a prey item can be thought of as a potential quantity of
heat that can be lost. Because the total mass of a given insect prey item is about 60-70% water, if
a lizard consumes a 100 mg insect (e.g., Orthoptera) we can assume that it has gained
approximately 60-70 mg of water (Bell, 1990). Given the latent heat of water vaporization, the
water contained in the prey item is equivalent to 144-168 joules of heat at 35°C that can be
dissipated. When scaled against the metabolizable energy content of a prey item, we can estimate
that a 100 mg insect that is 60% water has approximately 2000 joules of metabolizable energy
and approximately 144 joules of potential heat that can be dissipated, or a roughly 14-to-1 ratio
of potential energy gained to heat lost. Because the potential heat dissipation from water gained
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from an insect is relatively lower than potential energy gained, lizards may seek out insect prey
items to supplement their water balance more so than their energy balance, in effect, foraging for
water (Allen et al., 2014; McCluney, 2017). Excess energy intake may be converted in fat and
used for other activities (i.e., foraging, breeding, territory defense).
Evaporative cooling, thermoregulatory panting, and climate change
We have established that panting imposes a greater cost to a lizard’s water budget than its
energy budget. Consequently, lizards that use panting to modulate their activity periods when
exposed to high environmental heat loads must primarily acquire prey to replace water lost via
panting - i.e., forage for water. Because insect prey have a higher proportion of metabolizable
energy than heat energy that can be lost via respiration, a byproduct of acquiring extra prey to
maintain water balance is the accumulation of excess energy via fat stores. For example, if
thermoregulatory panting requires a lizard to consume 2-3 extra prey items for their water
content (e.g., C. collaris consuming a 100 mg insect), then a lizard may accumulate fat reserves.
In contrast, if panting is not a viable thermoregulatory option (e.g., S. jarrovii or S. poinsettii),
then lizards are limited to acquiring prey when thermal conditions permit activity. In the context
of a warming climate, the utility of panting for a given species, or cohort within a species, has
major consequences for the accumulation of energy stores when thermal conditions make
activity untenable.
One of the consequences that climate warming is predicted to have on lizards is the
reduction in available activity hours that are necessary for foraging, breeding, and territory
defense (Sinervo, et al., 2010). However, because some lizard species can effectively use panting
to thermoregulate, it may provide a valuable buffer against shortened activity periods caused by
warming air temperatures. However, evaporative cooling can rapidly produce a large water

57

deficit to an individual’s water balance, risking potentially lethal dehydration if there is limited
prey availability. In settings where free-standing water is scarce, predators will subsidize water
intake with increased predation pressure on prey (reviewed in McCluney et al., 2012). However,
continued drying of the southwest deserts in the coming decades will result in reduced plant and
insect biomass, which may in turn result in decreases in lizard population abundance (Archer and
Predick, 2008; Flesch et al., 2017). Consequently, evaporative cooling via panting may not be a
viable thermoregulatory option for lizards in arid lowland deserts, as increased rates of water loss
may be difficult to recover. Nevertheless, panting may confer an advantage for species in higher
elevation habitats, where thermal conditions may be more conducive to greater heat dissipation
and higher prey capture rates than in low elevation habitats (Chamaillé-Jammes et al., 2006).
Furthermore, because rapid upward shifts in elevation have been documented in species
distributions, species that are adept at panting may be poised to outcompete species that do not
pant as their distributions shift upward (Chen et al., 2011; Wiens et al., 2019; Loughran and
Wolf, 2020).
Whether extending activity periods via panting might provide a growth or survival
benefit is an open question; data on the frequency of panting by lizards in the wild are sparse,
and consistently observing and characterizing panting behavior can be difficult under natural
conditions. To effectively incorporate panting into lizard thermoregulation models, we suggest
incorporating modern technologies such as accelerometers into studies on fine-scale lizard
behavior. These devices continuously measure changes in acceleration rates in 3-dimensional
space, and when attached to an animal can provide insight into fine-scale in situ behaviors
(Wilson et al., 2013; Tatler et al., 2018). Furthermore, we advocate for the use of mechanistic
niche models (e.g., NicheMapR; Kearney and Porter, 2009) that integrate fine scale parameters,
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such body mass, thermal limits, and microclimate to predict heat and water budgets of individual
animals as climates continue to shift (Porter et al., 1973).

Table 2.1. Mean ± se minimum and maximum of total evaporative water loss (g hr-1) and massspecific rate of water loss (mg g-1 hr-1), slope of total evaporative water loss rate vs. Ta while
panting with 95% CI’s (lower 95% CI, upper 95% CI), and maximum percent body mass (Mb)
loss while panting.
Evaporative Water Loss (EWL)

Species

Min. (35°C; g hr-1)

Min. (35°C;
mg g-1 hr-1)

Slope EWL (g h-1 °C−1) vs. Ta (°C)
while panting (95% CI’s)

Max.
Max. pct. Mb
(CTmax; g Max. (CTmax; loss hr-1 while
hr-1)
mg g-1 hr-1)
panting

N

Mb (g)

17

16.6 ± 1.1 0.07 ± 0.01

4.23 ± 0.41 0.019 (-0.01 – 0.05)

0.3 ± 0.02 20.1 ± 1.5

2.0

20

31.3 ± 2.1 0.05 ± 0.01

1.64 ± 0.18 0.145 (0.11 – 0.18)*

1.2 ± 0.09 37.3 ± 1.8

3.7

Dipsosaurus
dorsalis

12

36.1 ± 4.0 0.05 ± 0.01

1.45 ± 0.23 0.109 (0.07 – 0.15)*

0.8 ± 0.08 22.6 ± 1.9

2.3

Sauromalus ater

9

114.2 ±
8.9

0.83 ± 0.10 0.181 (0.12 – 0.23)*

1.5 ± 0.07 13.9 ± 2.9

1.4

Callisaurus
draconoides

10

12.3 ± 0.8 0.01 ± 0.001

0.97 ± 0.17 0.049 (0.03 – 0.07)*

0.3 ± 0.02 23.8 ± 1.8

2.4

Cophosaurs
texanus

11

10.0 ± 1.0 0.01 ± 0.001

1.57 ± 0.23 0.057 (0.04 – 0.07)*

0.3 ± 0.03 31.0 ± 2.6

3.1

Phrynosoma
cornutum

5

33.9 ± 4.0 0.06 ± 0.02

2.09 ± 0.87 0.101 (0.06 – 0.15)*

1.0 ± 0.1 29.3 ± 2.4

2.9

Phrynosoma
hernandesi

13

21.8 ± 5.6 0.03 ± 0.001

2.74 ± 0.74 0.039 (0.02 – 0.06)*

0.4 ± 0.07 27.7 ± 5.8

2.8

Phrynosoma
modestum

8

6.5 ± 1.0 0.01 ± 0.001

2.14 ± 0.38 0.036 (0.02 – 0.05)*

0.4 ± 0.05 55.0 ± 2.4

5.5

Phrynosoma
solare

2

34.6 ± 9.2 0.10 ± 0.04

3.46 ± 1.97 0.120 (0.04 – 0.20)*

1.0 ± 0.12 31.5 ± 2.5

3.1

Sceloporus
bimaculosus

11

29.4 ± 6.6 0.05 ± 0.01

2.11 ± 0.31 0.082 (0.02 – 0.14)*

0.6 ± 0.13 24.0 ± 2.2

2.4

Teiidae
Aspidoscelis
exsanguis
Crotaphytidae
Crotaphytus
collaris
Iguanidae

0.09 ± 0.01

Phrynosomatidae
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Sceloporus clarkii 15

23.5 ± 3.4 0.07 ± 0.01

3.12 ± 0.40 0.094 (0.05 – 0.13)*

0.8 ± 0.10 36.8 ± 2.3

3.7

Sceloporus
cowlesi

14

8.2 ± 0.7 0.03 ± 0.01

4.22 ± 0.97 0.029 (0.02 – 0.04)*

0.2 ± 0.02 28.6 ± 1.9

2.9

Sceloporus
jarrovii

11

14.4 ± 2.4 0.03 ± 0.001

2.99 ± 0.79 0.051 (0.03 – 0.08)*

0.3 ± 0.05 23.8 ± 2.1

2.4

Sceloporus
poinsettii

21

28.7 ± 4.2 0.07 ± 0.01

2.88 ± 0.21 0.015 (-0.01 – 0.04)

0.3 ± 0.04 13.2 ± 1.2

1.4

Urosaurus
ornatus

14

3.4 ± 0.2 0.01 ± 0.001

4.28 ± 0.65 0.025 (0.02 – 0.03)*

0.1 ± 0.01 40.8 ± 2.9

4.1

Uta stansburiana

9

3.4 ± 0.2 0.02 ± 0.001

4.74 ± 0.94 0.017 (0.01 – 0.03)*

0.1 ± 0.01 21.3 ± 3.3

2.1

* α ≤ 0.05
EWL- “Evaporative Water Loss”
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Table 2.2. Mean ± se of metabolic heat production (MHP; mW g-1), slope of MHP vs. Ta while
panting, with 95% confidence interval (CI; slope, lower 95% CI, upper 95% CI), metabolic
scope (ratio of maximum and minimum observed MHP), predicted maximum MHP (mean prepanting Q10 ± se), mean ± se evaporative heat loss (EHL; mW g-1), slope of EHL vs. Ta while
panting with 95% CI’s, evaporative scope (ratio of maximum and minimum observed EHL), and
heat dissipation efficiency of species sampled.
Evaporative Heat Loss
(EHL, mW g-1)

Metabolic Heat Production (MHP, mW g-1)

Min.
MHP
(35°C)

Slope MHP
vs. Ta while Max.
Prepanting
MHP Metabolic pant
(95% CI’s) (CTmax) Scope
Q10

Min.
EHL
(35°C)

Slope EHL
vs. Ta whileMax.
Min.
panting
EHL
Evaporative (at
(95% CI’s) (CTmax) Scope
35°C) Max. (at CTmax)

4.2 ±
0.5

-0.43 (-1.48 10.5 ±
– 0.62)
0.8

11.4 ± 1.2

2.8 ±
0.3

1.54 (0.09 13.4 ±
– 3.12)
1.0

5.5 ± 0.6

0.6 ±
0.03 1.5 ± 0.1

1.5 ±
0.1

2.3 ±
0.68 (0.44
– 0.92)* 7.8 ± 0.6 5.5 ± 0.47 0.2 3.5 ± 0.4

4.0 ± 0.4

1.1 ±
0.1

3.05 (2.60 24.9 ±
– 3.49)* 1.2

24.4 ± 2.3

0.6 ±
0.1
5.0 ± 0.5

Dipsosaurus
dorsalis

1.2 ±
0.1

2.6 ±
1.00 (0.56
– 1.44)* 7.5 ± 0.6 6.8 ± 0.87 0.4 3.3 ± 0.6

3.5 ± 0.6

1.0 ±
0.2

2.39 (1.73 15.1 ±
– 3.04)* 1.2

16.2 ± 1.5

0.6 ±
0.1
3.0 ± 0.4

Sauromalus ater

0.9 ±
0.2

3.7 ±
0.35 (0.08
– 0.62)* 6.1 ± 0.5 7.9 ± 0.87 1.0 4.5 ± 1.0

3.7 ± 0.9

0.6 ±
0.1

1.15 (0.70
– 1.60)* 9.3 ± 0.9 13.7 ± 1.0

0.7 ±
0.1
2.0 ± 0.2

Callisaurus
draconoides

1.5 ±
0.2

2.0 ±
1.46 (0.90
– 2.02)* 7.4 ± 0.7 5.2 ± 0.55 0.3 3.8 ± 0.6

5.0 ± 0.6

0.6 ±
0.1

2.45 (1.39 15.9 ±
– 3.50)* 1.2

14.3 ± 1.4

0.4 ±
0.6
3.3 ± 0.3

Cophosaurs
texanus

1.6 ±
0.2

1.16 (0.49 10.3 ±
– 1.83)* 0.6

3.1 ±
7.2 ± 0.82 0.6 4.9 ± 1.0

4.4 ± 0.6

1.0 ±
0.2

3.97 (2.95 20.8 ±
– 4.97)* 1.7

17.5 ± 2.1

0.5 ±
0.1
2.2 ± 0.2

Phrynosoma
cornutum

1.7 ±
0.3

1.7 ±
0.53 (0.17
– 0.88)* 7.5 ± 1.2 5.2 ± 1.12 0.5 3.4 ± 1.2

4.9 ± 0.7

1.4 ±
0.6

2.09 (1.28 19.6 ±
– 2.89)* 2.2

15.9 ± 3.2

0.6 ±
0.1
3.5 ± 0.5

Phrynosoma
hernandesi

2.6 ±
0.5

2.5 ±
0.63 (0.40
– 0.87)* 7.8 ± 0.8 3.9 ± 0.52 0.4 4.9 ± 0.5

6.5 ± 1.3

1.8 ±
0.5

1.67 (0.84 18.5 ±
– 2.51)* 2.4

15.9 ± 2.6

0.5 ±
0.1
3.5 ± 0.4

Phrynosoma
modestum

2.5 ±
0.3

2.1 ±
0.28 (-0.03
– 0.60)
8.4 ± 0.6 3.6 ± 0.48 0.3 7.8 ± 1.4

9.5 ± 1.5

1.5 ±
0.3

4.37 (3.28 36.8 ±
– 5.45)* 2.0

26.2 ± 5.1

1.3 ±
0.4
6.1 ± 0.9

Phrynosoma
solare

1.4 ±
0.6

4.3 ±
0.44 (-0.33
– 1.21)
7.3 ± 0.1 6.3 ± 2.80 1.6 3.6 ± 2.4

2.4 ± 1.2

2.3 ±
1.3

2.76 (1.91 21.0 ±
– 3.61)* 3.3

12.2 ± 5.5

0.5 ±
0.1
4.9 ± 1.9

Sceloporus
bimaculosus

2.1 ±
0.2

2.3 ±
0.67 (0.31
– 1.03)* 7.1 ± 0.4 3.7 ± 0.51 0.5 4.1 ± 0.9

4.3 ± 0.5

1.4 ±
0.2

2.09 (1.41 16.0 ±
– 2.77)* 1.4

11.9 ± 1.4

0.7 ±
1.0
3.2 ± 0.3

Sceloporus clarkii

1.8 ±
0.1

2.4 ±
0.91 (0.70
– 1.12)* 8.6 ± 0.5 5.0 ± 0.45 0.3 3.6 ± 0.3

3.9 ± 0.2

2.1 ±
0.3

3.04 (2.50 24.6 ±
– 3.58)* 1.6

14.2 ± 1.6

0.9 ±
0.10 4.4 ± 0.3

Sceloporus cowlesi

2.9 ±
0.4

2.1 ±
0.84 (0.54
– 1.14)* 7.7 ± 0.5 3.1 ± 0.39 0.4 4.7 ± 0.5

6.1 ± 0.7

2.8 ±
0.6

2.35 (1.52 17.5 ±
– 3.18)* 7.6

10.3 ± 1.8

0.9 ±
0.1
3.1 ± 0.3

Species

Predicted
max. MHP Predicted
(Pre-pant max. MHP
Q10)
(Q10 = 2.5)

Heat Dissipation
Efficiency
(EHL/MHP)

Teiidae
Aspidoscelis
exsanguis

2.8 ±
3.0 ± 0.35 0.5 10.6 ± 1.1

Crotaphytidae
Crotaphytus
collaris

Iguanidae

Phrynosomatidae
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Sceloporus jarrovii

2.2 ±
0.3

3.7 ±
0.73 (0.43
– 1.03)* 6.4 ± 0.5 3.4 ± 0.48 0.8 4.9 ± 0.6

4.5 ± 0.7

2.0 ±
0.5

2.55 (1.84 15.9 ±
– 3.27)* 1.4

Sceloporus
poinsettii

2.4 ±
0.2

3.6 ±
0.53 (0.37
– 0.69)* 6.1 ± 0.4 3.0 ± 0.31 0.6 6.0 ± 0.6

5.5 ± 0.5

2.2 ±
0.2

0.82 (0.47
– 1.16)* 9.1 ± 0.7 4.6 ± 0.4

1.0 ±
0.2
1.9 ± 0.1

Urosaurus ornatus

2.5 ±
0.1

1.85 (1.34 10.3 ±
– 2.36)* 0.7

2.0 ±
4.2 ± 0.30 0.3 4.8 ± 0.4

6.3 ± 0.5

2.9 ±
0.4

5.47 (4.24 27.3 ±
– 6.70)* 1.9

11.7 ± 1.6

0.9 ±
0.4
3.1 ± 0.2

Uta stansburiana

2.5 ±
0.2

3.0 ±
0.97 (0.32
– 1.62)* 5.9 ± 0.7 2.5 ± 0.44 0.5 6.3 ± 0.7

5.9 ± 0.6

3.2 ±
0.6

2.96 (2.21 14.2 ±
– 3.72)* 2.2

5.4 ± 1.1

0.9 ±
0.5
3.2 ± 0.4

* α ≤ 0.05
MHP- “Metabolic Heat Production”
EHL- “Evaporative Heat Loss”

62

10.6 ± 1.5

0.7 ±
0.1
2.8 ± 0.2
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ABSTRACT
It has been long understood that lizards use behavioral mechanisms (i.e., shuttling, body
positioning) to thermoregulate to pursue and maintain a body temperature (Tb) that optimizes
physiological performance and maximizes activity times. However, recent research has
demonstrated that physiological mechanisms (i.e., evaporative cooling) may play a greater role
in lizard thermoregulation than previously realized, which may have major ecological
consequences for lizards, as activity hours can be significantly ameliorated by evaporative
cooling. Yet, the ecological and evolutionary consequences of evaporative thermoregulation in
lizards remain largely unexplored. Here, we use the mechanistic niche model ‘NicheMapR’ to
elucidate how evaporative thermoregulation (i.e., panting) might extend activity periods for
lizards under current and future climate conditions (+4°C warming). We used parameters for five
species of Sceloporus native the American southwest, each of which have varying panting
abilities and occur in habitats with differing thermal regimes. Our results indicate that panting
can significantly extend lizard activity periods, and that this effect is most pronounced at higher
elevations, where average air temperatures (Ta) are cooler relative to low elevations.
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Furthermore, species that are effective at panting can potentially extend their activity hours
significantly more than those that are ineffective. When accounting for climate warming, the
model predicted that species that are effective at panting will have significantly more potential
activity hours at higher elevations than ineffective species, potentially leading to the
displacement of high elevation species. Our results suggest that for lizards, evaporative cooling
via panting can allow lizards to significantly modulate their activity hours and may allow some
species to persist in the face of climate change.

INTRODUCTION
The study of the mechanisms that dry-skinned ectotherms use to maintain a stable body
temperature (Tb) in their natural environment, as well as their consequences for physiology and
behavior, has been a central theme in lizard ecology for over a century (Weese, 1917; Huey
1982; Camacho et al., 2018). In this time, behavioral thermoregulation (i.e., shuttling, body
positioning) has been long established as the primary mode in which lizards regulate their Tb,
with physiological mechanisms (i.e., color change, evaporative cooling) being viewed as
secondary and less effective (Cowles and Bogert, 1944; Norris, 1967; Mautz, 1982a; Stevenson,
1985). Indeed, evaporative cooling via panting has traditionally been thought of as a behavioral
response to intense heat loads to avoid lethal hyperthermia, with the assumption being that
lizards are incapable of meaningfully lowering their Tb to avoid their critical thermal maximum
(CTmax; Mautz, 1982a). However, it has been recently shown that many lizards can use panting
to lower their Tb below air temperature (Ta) and thereby avoid reaching critical thermal limits and
potentially modulate their activity, and that this ability significantly varies among different
species (Loughran and Wolf, 2020). Still, panting is a physiologically costly activity, as high
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evaporation rates can impose substantial water deficits in an animal’s water balance (Loughran
and Wolf, in rev.). Consequently, the ecological and adaptive significance of the role of
thermoregulatory panting in lizards remains poorly understood.
For lizards, the magnitude of physiological costs relative to ecological benefits of
thermoregulatory panting may vary depending on a species’ panting ability, as well as the habitat
it occupies, as the thermal environment afforded by a given habitat has major consequences for
thermoregulation and physiological adaptation (Huey, 1991). Solar radiation is reduced in areas
with high canopy cover (e.g., forested habitats), which can limit thermoregulatory opportunities,
but also reduce evaporative water loss (EWL; Chen et al., 2011; Huang et al., 2014). In contrast,
xeric environments typically provide ample thermoregulatory opportunity, but increase
evaporative demands (Mautz, 1982b; Sannolo and Carretero, 2018; Muñoz-Nolasco et al., 2019).
As a result, arid-adapted lizards appear to have evolved to have reduced EWL to ameliorate
colonization and occupancy of arid environments (Cox and Cox, 2015). However, changes in the
thermal environment (i.e., climate warming) for a given habitat can induce shifts in the thermal
ecology (i.e., activity hours, phenology), physiological demands (metabolic and water loss rates),
distribution, and density of populations, especially on the peripheries of their range (Flesch et al.,
2017; Logan et al., 2019; Lertzman-Lepofsky et al., 2020; Parlin et al., 2020). For example,
some mountain reptiles appear to benefit from warming by gaining activity time (ChamailléJammes et al., 2006; Chukwuka et al., 2021), while others may suffer detrimental consequences
such as loss of activity time, loss in the thermo-spatial heterogeneity of habitat, population
reduction, or range contraction (Sinervo et al., 2010; Huey et al. 2012; Maiorano et al. 2013;
Sears et al., 2016). Yet, a core assumption of these observations is that lizards rely primarily on
behavioral thermoregulation (i.e., shuttling, body positioning) to maintain a preferred Tb (Tpref)

65

and are not using physiological mechanisms such as evaporative cooling to modulate their
activity periods. Species that can use panting to effectively lower their Tb when the thermal
environment exceeds Tpref can potentially extend activity times dedicated to foraging, breeding,
and territory defense. For instance, a species that can extend its activity times may have access to
additional foraging opportunities, which may manifest as excess energy stores (i.e., fat;
Loughran and Wolf, in rev.). This may confer a competitive advantage over species that are
ineffective at panting with respect to increased access to food and habitat resources, especially as
ranges shift and species interactions increase (Deutsche et al., 2008; Urban and Zarnetske, 2013).
However, because panting can rapidly deplete an individual’s body water pool, it can be an
impractical thermoregulatory strategy in certain habitats where the physical properties of the
environment exacerbate water loss.
Thermoregulatory panting may also offer a reproductive advantage for lizards. Due to
their higher endurance, male lizards will often engage in territorial displays, such as head
bobbing, pushups, or display of throat colors, and will chase away potential competitors to retain
their access to females (Sinervo and Lively, 1996; Sinervo et al., 2000). However, because of the
high energetic and activity demands, these territory defense behaviors can be hindered by
prolonged exposure to environmental heat (Sinervo et al., 2010). Extending activity periods by
panting may confer an advantage to dominant males so that they can maintain dominance
displays during reproductive activities. If this is the case, panting behavior may emerge as a
sexually selected trait, resulting in sexual dimorphism in panting thresholds and capacities.
Furthermore, any existing sexual dimorphism may be more apparent in species that are adept at
thermoregulatory panting, whereas divergence in panting ability might be less apparent in
species that are ineffective at panting.
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Mechanistic niche models provide a powerful tool with which to make predictions about
the biophysical limitations that constrain a species’ activity and distribution (Kearney and Porter,
2009; Riddell et al., 2017). Using a first-principles approach, these models integrate
environmental data (i.e., climate, elevation, topography, vegetative structure) to construct a
microclimate that an animal may experience in nature. This is combined with a biophysical
model of an animal that incorporates individual-based traits (i.e., behavior, physiology,
morphology) to estimate aspects of animal performance under a given set of climatic conditions,
such as activity time, metabolic rates, or water budgets (e.g., Huang et al., 2020a). Because the
thermal attributes of populations (i.e., CTmin, CTmax, Tpref), and the associated thermoregulatory
requirements can drastically vary depending on the local climate, it is important to apply models
across a range of elevations so to allow for examination of the local climatic pressures of
thermoregulation. For example, at higher elevations, air is less dense, so the diffusivity water is
higher than at low elevations, which can facilitate faster rates of heat transfer. Additionally,
while solar radiation might be greater than at low elevations, the average air temperature is
usually lower, creating a larger thermal gradient than at lower elevations. Furthermore, the
vegetative structure that occludes solar radiation at higher elevations can serve as a “coldbarrier” for more thermophilic species that occupy lower elevations (Huang et al., 2020b).
In this study, we use five species of the genus Sceloporus (Squamata: Phrynosomatidae)
in the American southwest: S. bimaculosus, S. clarkii, S. cowlesi, S. jarrovii, and S. poinsettii.
These species occur in a variety of habitats and elevations that range from lowland desertscrub to
montane coniferous forest. In New Mexico, eastern Arizona, and western Texas, these species
are often sympatric, with populations often occurring in geographically proximate regions.
However, the habitats which they occupy are often distinct and have minimal overlap.
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Additionally, while these species have similar thermal limits and panting thresholds, they have
starkly disparate panting abilities, and consequently, different evaporative cooling costs
(Loughran and Wolf, 2020; in rev.). For example, S. clarkii, a species which occurs in a wide
range of habitats, is highly effective at dissipating body heat while panting and often occurs
within the same elevational range as S. jarrovii and S. poinsettii, which are relatively ineffective
at panting. However, because S. clarkii can pant more effectively, potentially for long periods, its
EWL rates are significantly higher than its congeners. This dynamic may have significant costbenefit consequences in different elevations and habitats, where the thermal environments are
markedly disparate.
To investigate the role of panting in the ability to augment activity hours at different
elevations, we employ the NicheMapR model framework (Kearney and Porter, 2004; Porter and
Mitchell, 2006). This model combines animal physiological traits (thermal limits, morphology,
behavior) with biophysical attributes of the environment they occupy (climate, topography,
ground cover, elevation) to estimate animal performance, activity time, energy budget, and water
balance. We use NicheMapR to estimate the potential hours of activity gained from panting
across a range of elevations within each species’ respective distributions, as well as the potential
costs to water and energy budgets. Additionally, we test for differences in thermal thresholds
between sexes of lizards, to elucidate any potential effect of sexual selection on thermoregulatory
panting. We ask the following questions: (1) To what extent can thermoregulatory panting
augment activity hours at different elevations and how does this vary among species? (2) What is
the relative cost-to-benefit (i.e., time gained to water lost) ratio of panting at different elevations?
(3) What are the prey requirements to compensate for EWL while panting, and how might extra
prey acquired when panting augment energy accumulation? (4) Is there evidence for sexual
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dimorphism of thermoregulatory panting? (5) Can panting ability among different species confer
a competitive advantage in different habitats? We use the model output for each species to
examine the ecological and adaptive consequences of panting as a thermoregulatory mechanism.
We explore several hypotheses that pertain to the adaptive significance of thermoregulatory
panting in lizards, and on the consequences of thermoregulatory panting in view of increased
warming due to climate change.

METHODS
Species used for models
We used five Phrynosomatid species in the genus Sceloporus that occur in a wide range
of elevations and habitats across the American southwest (see Jones and Lovich, 2009): twinspotted spiny lizard (Sceloporus bimaculosus Phelan and Brattstrom 1955), which occurs in
lowland desert scrub throughout the Chihuahuan Desert; Clark’s spiny lizard (S. clarkii Baird
and Girard 1852), which occurs in a variety of habitats that range from upland desert scrub to
riparian to coniferous woodland; southwestern fence lizard (S. cowlesi Lowe and Norris 1956),
which occurs in a wide variety of biotic communities that range from semidesert grassland to
riparian woodland to montane coniferous forests; Yarrow’s spiny lizard (S. jarrovii Cope 1875),
endemic to the sky-islands of Arizona and New Mexico, it occurs in Madrean evergreen
woodland, riparian areas, and montane coniferous forest; and crevice spiny lizard (S. poinsettii
Baird and Girard 1852), a highly saxicolous species that occurs in habitats that range from semiarid desert uplands to montane coniferous forests in New Mexico. These species often cooccur in
parts of their range where habitat is suitable. Based on results in Loughran and Wolf (2020), each
of these of these species have similar panting thresholds (Tpant) and CTmax’s but are highly
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disparate in their ability to use panting to thermoregulate. For example, S. clarkii can very
effectively use panting to thermoregulate, lowering its Tb by as much as 3–4°C below Ta when
panting whereas S. jarrovii and S. poinsettii are ineffective at panting, usually lowering their Tb
no more than 1°C below Ta while panting. Consequently, the potential ability to modulate
activity hours, and the associated water and metabolic costs, are likely to be highly disparate
among species.
NicheMapR model
The NicheMapR model is divided into two sub-models. The first model is the
microclimate model, which translates meteorological data (air temperature [Ta], solar radiation,
wind speed, humidity, precipitation, cloud cover and air pressure) and microhabitat data (such as
slope, aspect substrate thermal and hydraulic properties) into the Ta, substrate temperature,
humidity, wind speed and radiation environment an animal might experience in nature, and
integrates this with information based on a geographic location, such as topographic features
(elevation, slope, aspect), substate properties (conductivity, heat capacity, density, emissivity),
and meteorological data (rainfall, solar radiation, air pressure). The second model is the
ectotherm model, which accounts for features of an individual ectotherm (i.e., lizard), such as
morphology, body size, behavioral features (i.e., Tpref, diurnal or nocturnal, climbing or
burrowing, etc.) and physiological features (i.e., Tpant, CTmax). Using the output from the
microclimate model, hourly Tb for the ectotherm is calculated by solving the heat balance
equation by Porter et al. (1973):
Qgen + Qsolar + QIR,in = Qevap + Qconv + QIR,out + Qcon
where Qgen is heat generated from metabolism, Qsolar is solar energy absorbed, QIR,in is incoming
infrared thermal radiation, QIR,out is outgoing infrared thermal radiation, Qevap is heat transfer
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from evaporation, Qconv is heat transfer from convection, and Qcond is heat transfer from
conduction. Using the heat balance equation, the model subsumes the parameters provided for an
individual lizard so that a lizard will actively pursue its Tpref. Normally the model requires that a
lizard will shuttle between different microclimates when its voluntary maximum Tb (VTmax) is
reached so that it maintains its Tpref. This can be adjusted so that the model lizard will engage in
open mouth panting to adjust its Tb under hot conditions before retreating to a cooler
microclimate by turning off the ‘shade-seeking’ parameter in the ectotherm model. The model
simulates the effect of panting by creating a portion of the lizard body surface area that is an
exposed wet surface from where there is a high vapor pressure deficit gradient so that water will
evaporate (i.e., the mouth) when the lizard’s VTmax is reached. Within the model, the VTmax is
treated as the Tpant, where a lizard engages in panting rather than retreating to shade to
thermoregulate.
Centered on the assumption that a lizard will pursue its Tpref, the model estimates a
lizard’s Tb for every hour within a predetermined time range. For a given range of Tb’s a lizard is
likely to experience, the model categorizes three different behaviors: ‘inactive’ if temperatures or
diel conditions are unsuitable for pursuing or maintaining a Tpref, ‘basking’ if temperature and
solar radiation are conductive to pursuing a Tpref, and ‘active’, if a lizard can maintain a Tb within
the optimal foraging temperature range. Based on the parameters entered for an individual lizard,
the model estimates the total number of hours that a lizard will be engaged in each of these
‘activity’ categories. For every hour, the model provides output for each variable in the heat
balance equation to provide estimates of heat gained and lost for each avenue of heat transfer (in
Watts). These data can be used to estimate metabolic heat production (MHP) and evaporative
water loss (EWL) for a lizard for a given set of climatic conditions.
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Model procedure
To evaluate the role of panting in modulating activity hours for each species, we chose
locations based on occurrences in the GBIF database and separated by a minimum of 4 km to
account for heterogeneity in habitats. Locations were only selected in the greater Chihuahuan
Desert, Sky Island, and Mogollon Rim eco-regions of the United States, where overlap in these
species distributions is greatest. For microclimatic conditions, we used the microclimUS dataset
(Kearney, 2019) which provides simulated data on hourly microclimates in the continental
United States from 1979 to 2017 driven by the gridMET climatological data set (Abatzoglou,
2013). To reflect recent climatic conditions, we used microclimate data from 2012 to 2017 for a
given location when building the microclimate model. To estimate the effect of climate warming
on lizard microhabitat, we reran the microclimate model at each location with 4°C added
warming to air temperature, based off IPCC (2014) predictions (mean 3.7°C, 2.6–4.8°C range,
5th assessment Report, RCP 8.5 scenario).
For the ectotherm model, we parameterized the model using published data for each
species on body mass, Tpant (i.e., VTmax), Tpref, CTmin, and CTmax. Data on ectotherm parameters
and geographic locations are listed in Tables S1 and S2, respectively. For parameters that are not
reported in the literature, we estimated values reported for the most closely related congener.
Because we were interested in the potential for panting to extend activity during hot conditions,
we limited our estimation of activity hours and water loss to the active season for the lizards
(Julian calendar days 75–275). Since there is limited data on the how the Tpref, CTmin, and CTmax
of these species vary, we assumed that these parameters would remain relatively stable
throughout the summer months, as has been observed in other Sceloporus (Domínguez–Guerrero
et al., 2019). As a check on our data, we tested the sensitivity of the model to these variables (see
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below). For each species, we estimated the potential number of activity hours, EWL (g H2O hr-1
and mg H2O g-1 hr-1), and MHP (mW g-1) for a given location with the panting parameter turned
off and made direct comparisons with the panting parameter turned on. The difference in each of
these responses between the two models were designated as ‘potential hours gained by panting’,
‘evaporative cost of panting’, and ‘metabolic cost of panting’, respectively. To calculate the
evaporative scope of panting, we took the ratio of EWL (mg H2O g-1 hr-1) between panting and
non-panting models. To calculate the profitability of panting in a given location, we took the
ratio of activity hours gained (h) to evaporative cost (mg H2O g-1 hr-1).
Since the species tested are primarily insectivorous, we estimated the volume of prey that
would be required to sustain water balance in the panting models. Because most insect prey for
these species is ~60-70% water, we estimated the amount of water a lizard would gain from a
given size class of prey; orthopterans were estimated to have an average body mass of 100 mg,
or about 70 mg of water (Bell, 1990). Using this estimate, we calculated the number of prey
items a lizard would need to capture in both panting and non-panting scenarios to maintain water
balance. We assumed that water recovered would come primarily from food items, and that
contribution of metabolic water to overall water balance would be negligible. The amount of
potential energy gained was estimated by taking the estimated amount of metabolizable energy
contained in a prey item (roughly 2000 joules; Karasov, 1990) and multiplying that by the
estimated number of prey items that would be required to compensate for water loss during
panting.
Data analysis
All statistical analysis and data visualization were performed using the R software
(version 4.0.2, r-project.org). We used a generalized mixed-effects regression model to
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characterize the effects of panting and climate warming on activity hours, EWL, and MHP.
Activity hours, EWL (g hr-1 and mg g-1 hr-1), MHP (mW g-1) were response variables, with
panting status and climate warming treated as main effects. Since each data point was modeled at
a different geographic location, with different local climates, we treated elevation (m) as a
covariate. We used ANCOVA when testing the response of activity hours gained from panting,
EWL cost from panting (g hr-1 and mg g-1 hr-1), MHP cost from panting, and the ratio of hours
gained to EWL cost (mg g-1 hr-1), with climate warming as a main effect and elevation (m) as a
covariate. Because Mb, CTmax, CTmin, Tpant, and Tpref are already incorporated into the model, they
are not treated as main effects in our analysis. Analyses for each species were conducted
independently.
Sex Differences
Using data from Loughran and Wolf (2020), as well as data on individual lizard sex (C.
Loughran, unpubl. data), we compared differences in sexes in Tpant and the maximum Ta-Tb
gradient to determine if there was any sexual dimorphism in panting onset or panting
performance. Because of unequal samples sizes and variances for each sex, we applied MannWhitney U-tests when comparing the Tpant and maximum Ta-Tb gradients of male and female
lizards. We used only adult lizards for analyses.
Model validation and sensitivity analysis
For validation of the model, we made comparisons of model estimates of Tb, EWL (mg g1

hr-1) and metabolic rate (mW g-1) to data from Loughran and Wolf (2020; in rev.) for similarly

sized lizards. We created environmental conditions in the model that simulated a plastic
metabolic chamber, where thermal conductivity and solar radiation are eliminated, and only Ta
and a minor amount of convective heat transfer (wind speed = 0.001 m s-1) are the primary
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factors influencing lizard Tb. For each species, we used values described in Loughran and Wolf
(2020) for CTmax, Tpant and Mb (Table S1). We assumed the default setting of a breathing rate
multiplier of 2 for all species. To estimate the percent mouth surface area, we calculated the
effective skin area (Aeff; the skin surface area which acts like a free-water surface from which
heat evaporates; Kearney and Porter, 2004; Huang et al., 2020a). Using EWL rates from
Loughran and Wolf (in rev.), we calculated Aeff before and after panting and took the differences
as the percent mouth surface area for a given species. Model values were compared to real data
by determining if the slope of the model fell within the 95% CI of the slope of the real data.
Comparisons of non-panting and panting data were made independently of one another for each
species.
Since we were interested in the estimates of activity hours, metabolic rates, and EWL
rates, we tested the sensitivity of these outputs with respect to breathing rate by altering the
values of input parameters: CTmax, Tpref, Tpant, and body mass in grams (Mb). Because these each
of these traits are often labile at different times of the year for a lizard, we altered each respective
value based on observed ranges for each species, while keeping others constant. Each parameter
was tested at the minimum, median, and maximum values that have been observed across these
species (CTmax = 40.0, 42.8, 45.6°C; Tpref = 32, 34, 36°C; Tpant = 37.3, 39.3, 41.3°C; Mb = 10 g, 30
g, and 45 g; Table S1). When a parameter was not being tested, it was held at a constant value
(CTmax = 44°C; Tpref = 33°C; Tpant = 38°C; Mb = 30 g). These tests were evaluated at three
different elevations: 730 m, 1500 m, and 3000 m. The effect of these parameters on hours gained
from panting, EWL (mg g-1 hr-1) cost of panting and MHP (mW g-1) cost of panting were tested
with ANCOVA, with the respective parameter tested treated as the main effect and elevation as a
covariate.
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RESULTS
Validation and sensitivity
For non-panting measurements, the model Ta-Tb slope fell within the 95% CI of the
chamber Ta-Tb slope for S. bimaculosus (chamber 95% CI = 0.09–1.55, model slope = 0.99), S.
clarkii (chamber 95% CI = 0.38–1.55, model slope = 0.99), S. cowlesi (chamber 95% CI = 0.28–
1.5, model slope = 0.99), S. jarrovii (chamber 95% CI = -0.53–2.22, model slope = 0.99), S.
poinsettii (chamber 95% CI = 0.24–1.5, model slope = 0.99). For EWL, the model slope fell
within the 95% CI of the chamber slope for S. bimaculosus (chamber 95% CI = 0–0.76, model
slope = 0.2), S. clarkii (chamber 95% CI = -0.18–0.33, model slope = 0.02), S. cowlesi (chamber
95% CI = -1.35–3.1, model slope = 0.03), S. jarrovii (chamber 95% CI = -0.72–2.4, model slope
= 0.03), S. poinsettii (chamber 95% CI = -1.0–1.2, model slope = 0.02). For MHP, the model
slope fell within the 95% CI of the chamber slope for S. bimaculosus (chamber 95% CI = -0.31–
0.44, model slope ≈ 0), S. clarkii (chamber 95% CI = -0.1–0.46, model slope ≈ 0), S. cowlesi
(chamber 95% CI = -0.35–0.9, model slope ≈ 0), S. jarrovii (chamber 95% CI = -0.26–1.2,
model slope ≈ 0), S. poinsettii (chamber 95% CI = -0.25–0.68, model slope ≈ 0).
For panting measurements, the model Ta-Tb slope fell within the 95% CI of the chamber
Ta-Tb slope for S. bimaculosus (chamber 95% CI = -0.02–1.56, model slope = 0.51), S. clarkii
(chamber 95% CI = -3.62–5.01, model slope = 0.33), S. cowlesi (chamber 95% CI = -3.37–4.92,
model slope = 0.68), S. jarrovii (chamber 95% CI = -4.5–6.2, model slope = 0.68), S. poinsettii
(chamber 95% CI = -0.44–2.28, model slope = 0.66). For EWL, the model slope fell within the
95% CI of the chamber slope for S. bimaculosus (chamber 95% CI = -0.07–5.5, model slope =
3.92), S. clarkii (chamber 95% CI = 0.77–9.5, model slope = 5.64), S. cowlesi (chamber 95% CI
= -1.1–6.9, model slope = 3.3), S. jarrovii (chamber 95% CI = -1.99–8.7, model slope = 3.1), S.
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poinsettii (chamber 95% CI = -0.43–2.4, model slope = 2.4). For MHP, the model slope fell
within the 95% CI of the chamber slope for S. bimaculosus (chamber 95% CI = -0.13–1.78,
model slope ≈ 0), S. cowlesi (chamber 95% CI = 0.04–1.86, model slope = 0.35), S. jarrovii
(chamber 95% CI = -0.44–2.1, model slope = 0.63), S. poinsettii (chamber 95% CI = -0.02–1.02,
model slope ≈ 0). Only the S. clarkii model MHP slope did not match measured chamber MHP
values when panting (chamber 95% CI = 0.31–1.89, model slope ≈ 0).
Hours of activity gained from panting was not significantly affected by CTmax (F2,5310 =
0.99, p = 0.36), Tpref (F2,5084 = 0.86, p = 0.42), Tpant (F2,5310 = 1.0, p = 0.36), or Mb (F2,5317 = 0.99,
p = 0.37). There was no significant effect of elevation for any of these parameters on hours of
activity gained. EWL cost (mg g-1 hr-1) from panting was not significantly affected by CTmax or
Tpref, but was significantly affected by Mb (F2,5918 = 6257.0, p < 0.001), with higher EWL rates
for lower Mb’s, and Tpant (F2,5652 = 155.3, p < 0.001), and higher EWL rates for higher Tpant
values. Additionally, there was a significant effect of elevation on EWL, with lower elevations
having higher EWL rates (F2,6024 = 276.0, p < 0.001).
Potential activity time gained by panting
Panting caused significant increase in hours of activity for S. bimaculosus (F1,580 = 357.5,
p < 0.001), S. clarkii (F1,756 = 174.5, p < 0.001), S. cowlesi (F1,996 = 1190.6, p < 0.001), S.
jarrovii (F1,308 = 525.3, p < 0.001), and S. poinsettii (F1,204 = 206.5, p < 0.001) relative to a nonpanting state, with a significantly positive association of activity hours and elevation for all
species (F1,2872 = 1743, p < 0.001; Fig. 3.1). Climate warming significantly influenced activity
hours for all species for both panting and non-panting conditions; when not panting, climate
warming reduced activity hours for all species but, when panting was enabled, the reduction in
activity hours was significantly less pronounced at higher elevations for S. clarkii (panting ×
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climate × elevation F1,756 = 5.7, p = 0.01). For all other species, the effect of climate warming on
activity hour reduction was significantly reduced at higher elevations, regardless of panting
status (climate × elevation S. bimaculosus F1,580 = 18.4, p < 0.001; S. cowlesi F1,996 = 53.5, p <
0.001; S. jarrovii F1,308 = 33.7, p < 0.001, S. poinsettii F1,204 = 10.9, p = 0.001).

Fig. 3.1. (A) Hours of activity available to Sceloporus spp. when not panting (solid lines) and
panting (dashed lines) under current (blue dots) and warming (red dots) climate conditions and
(B) potential hours of activity gained from panting for current and warming climate conditions as
a function of elevation (m).
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For current climate conditions, species averaged 4.0–4.6 activity hours with no panting
and 4.5–5.8 activity hours with panting. For warming climate conditions, species averaged 3.9–
4.4 activity hours with no panting and 4.4–5.6 activity hours with panting (Table 3.1). Potential
hours of activity gained from panting averaged up to 1.0 ± 0.07 (S. bimaculosus), 1.2 ± 0.08 (S.
clarkii), 0.6 ± 0.1 (S. cowlesi), 0.6 ± 0.06 (S. jarrovii), and 0.4 ± 0.04 (S. poinsettii) under current
climate conditions and 1.0 ± 0.1 (S. bimaculosus), 1.3 ± 0.1 (S. clarkii), 0.7 ± 0.1 (S. cowlesi),
0.7 ± 0.06 (S. jarrovii), and 0.5 ± 0.08 (S. poinsettii) under warming climate conditions (Table
2). Across elevations, S. clarkii consistently gained the most activity hours when panting was
enabled– up to 0.5 more activity hours than S. jarrovii, and 0.7 more activity hours than S.
poinsettii; two congeners commonly in syntopy on the peripheries of their respective ranges.
Even when panting, the potential hours of activity for S. poinsettii averaged 4.5 ± 0.2 hours, less
than the average hours of activity for S. clarkii when not panting, at 4.6 ± 0.6 hours (Table 3.1).
Overall, species were projected to lose approximately 0.1–0.2 hours of activity time (~5% of
activity time) due to climate warming when panting was not enabled, and 0–0.1 hours of activity
time (~2-3% of activity time) when panting was enabled.

79

Table 3.1. Mean ± s.d. of hours of activity, evaporative water loss (EWL; mg g-1 hr-1), metabolic
heat production (MHP; mW g-1), total water loss (g hr-1) for five Sceloporus species (n).

Climate

Hours activity

Twin-spotted
spiny lizard
S. bimaculosus
(148)
Panting?
N
Y

Current

4.2 ± 0.2

+4°C
EWL (mg g-1
hr-1)

Current
+4°C

3.9 ± 0.2
0.7 ±
0.05
0.9 ±
0.07

MHP (mW g-1)

Current

0.7 ± 0.1

+4°C

0.9 ± 0.1
0.02 ±
0.001
0.03 ±
0.002

Total H2O loss
(g hr-1)

Current
+4°C

5.2 ±
0.3
5.0 ±
0.3
12.1 ±
2.2
16.9 ±
2.6
2.4 ±
0.3
2.9 ±
0.4
0.4 ±
0.06
0.5 ±
0.08

Clark’s
spiny lizard
S. clarkii
(192)
Panting?
N
Y

Southwestern
fence lizard
S. cowlesi
(251)
Panting?
N
Y

Yarrow’s
spiny lizard
S. jarrovii
(79)
Panting?
N
Y

Crevice
spiny lizard
S. poinsettii
(54)
Panting?
N
Y

4.6 ±
0.4
4.4 ±
0.4
0.7 ±
0.1
0.9 ±
0.1
0.6 ±
0.1
0.8 ±
0.2
0.02 ±
0.002
0.02 ±
0.003

4.3 ±
0.3
4.2 ±
0.4
1.0 ±
0.2
1.2 ±
0.2
0.6 ±
0.2
0.8 ±
0.2
0.01 ±
0.001
0.01 ±
0.001

4.3 ±
0.2
4.2 ±
0.3
0.8 ±
0.1
1.0
±0.1
0.6 ±
0.1
0.7 ±
0.2
0.01
± 0.0
0.1 ±
0.0

4.0 ±
0.2
3.9 ±
0.3
0.5 ±
0.05
0.7 ±
0.07
0.4 ±
0.06
0.5 ±
0.09
0.01
± 0.0
0.02
± 0.0

5.8 ±
0.5
5.6 ±
0.5
12.4
± 4.6
18.2
± 5.2
2.8 ±
0.5
3.4 ±
0.6
0.3 ±
0.1
0.4 ±
0.1

4.9 ±
0.3
4.9 ±
0.4
7.8 ±
3.4
11.9 ±
4.3
1.8 ±
0.4
2.2 ±
0.5
0.07 ±
0.03
0.1 ±
0.04

4.9 ±
0.3
4.8 ±
0.3
6.6 ±
2.6
10.3 ±
3.1
1.8 ±
0.3
2.2 ±
0.4
0.09 ±
0.04
0.1 ±
0.04

4.5 ±
0.2
4.4 ±
0.3
3.2 ±
1.0
5.1 ±
1.4
1.2 ±
0.1
1.5 ±
0.2
0.1 ±
0.03
0.2 ±
0.04

Evaporative scope and metabolic cost of panting
All species had significantly greater metabolic and water expenditures when panting was
enabled, with a tendency toward higher EWL and MHP rates at lower elevations (Figs. 3.2, 3.3).
Climate warming and elevation were significant factors for EWL (mg g-1 hr-1) for S. bimaculosus
(F1,580 = 10.5, p = 0.001), S. clarkii (F1,756 = 13.9, p < 0.001), S. cowlesi (F1,996 = 6.2, p = 0.01),
and S. jarrovii (F1,308 = 4.1, p = 0.04) and for MHP (mW g-1) for S. bimaculosus (F1,580 = 17.2, p
< 0.001), S. clarkii (F1,756 = 20.7, p < 0.001), and S. cowlesi (F1,996 = 21.8, p < 0.001), with EWL
and MHP being significantly higher at low elevations when panting was enabled (panting ×
climate × elevation). When panting was disabled, there was no significant effect of elevation or
climate warming on EWL for any species. When panting was disabled, there was a significant
effect of climate warming and on MHP of all species except S. poinsettii (t = 1.8, p = 0.07).
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Fig. 3.2. (A) Evaporative water loss (mg H2O g-1 hr-1) of Sceloporus spp. when not panting (solid
lines) and panting (dashed lines) under current (blue dots) and warming (red dots) climate
conditions and (B) evaporative scope of panting for current and warming climate conditions as a
function of elevation (m).
The overall MHP and EWL costs of panting were highly variable among species, with S.
clarkii having the greatest overall metabolic and water demands across elevations, followed by S.
bimaculosus and S. cowlesi (Figs. 2-3). Under current climatic conditions, the evaporative scope
of panting ranged from to 6.1 ± 1.3 to 17.4 ± 1.9 for S. poinsettii and S. bimaculosus,
respectively. Following warming, all species had an approximately 1.2-fold increase in
evaporative scope, ranging from 7.6 ± 1.5 to 19.7 ± 3.1 for S. poinsettii and S. clarkii,
respectively (Fig. 3.2). For the total evaporative cost of panting, S. clarkii lost up to an extra 12.4
mg H2O g-1 hr-1 while panting (approximately 0.3 g hr-1) on average, roughly 4-times that of S.
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poinsettii, which lost an average of 3.2 mg H2O g-1 hr-1 (~0.08 g hr-1) while panting (Figs. 3.5,
3.6; Tables 3.1, 3.2) under current conditions. After warming, the total EWL cost of panting for
S. clarkii increased 1.5-fold to 18.2 mg H2O g-1 hr-1 (~0.4 g hr-1), while S. poinsettii still
maintained the lowest EWL rates of 5.1 mg H2O g-1 hr-1 (~0.2 g hr-1; Figs. 5, 6). Similarly, S.
clarkii had the highest MHP rates while panting, at 2.8 mW g-1 on average, while S. poinsettii
had the lowest, at 1.2 mW g-1 under current climate conditions. Climate warming increased the
metabolic demand of panting approximately 1.3 to 1.6-fold for all species (Table 3.2).

Fig. 3.3. (A) Metabolic heat production (mW g-1) of Sceloporus spp. when not panting (solid
lines) and panting (dashed lines) under current (blue dots) and warming (red dots) climate
conditions and (B) metabolic scope for current and warming climate conditions as a function of
elevation (m).
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Water recovery and energy gain
Assuming a 100 mg insect contains 70 mg of consumable water, we calculated that, given
maximal EWL rates of panting (g hr-1), lizards would need to consume up to 0.9 (S. cowlesi) to
4.9 (S. bimaculosus) insects hr-1 under current conditions, and 1.4 (S. cowlesi) to 6.9 (S.
bimaculosus) insects hr-1 under warming conditions to recover water lost from panting (Table
3.2). Assuming maximum water recovery via prey acquisition, when converted to metabolizable
energy content (i.e., ~2 kJ per insect), this equates to gaining an extra 1.8–13.8 kJ of potential
energy gained (Table 3.2).

Table 3.2. Mean ± s.d. of the relative costs and benefits of panting for five Sceloporus species
modeled with NicheMapR parameters across the American southwest.

Climate

Twin-spotted
spiny lizard
S. bimaculosus

Clark’s
spiny
lizard
S. clarkii

Southwestern
fence lizard
S. cowlesi

Yarrow’s
spiny lizard
S. jarrovii

Crevice
spiny lizard
S. poinsettii

Current

1.0 ± 0.07

1.2 ± 0.09

0.6 ± 0.1

0.6 ± 0.06

0.4 ± 0.04

+4°C

1.0 ± 0.1

1.3 ± 0.1

0.6 ± 0.1

0.7 ± 0.06

0.5 ± 0.08

Current

11.4 ± 2.2

11.6 ± 4.5

6.8 ± 3.3

5.8 ± 2.5

2.7 ± 1.0

+4°C

16.0 ± 2.5

17.3 ± 5.1

10.7 ± 4.2

9.3 ± 3.0

4.5 ± 1.3

Current

0.3 ± 0.06

0.3 ± 0.1

0.06 ± 0.03

0.08 ± 0.03

0.08 ± 0.03

EWL cost (g hr )

+4°C

0.5 ± 0.07

0.4 ± 0.1

0.1 ± 0.04

0.1 ± 0.04

0.1 ± 0.04

Evaporative scope of
panting

Current

17.4 ± 1.9

16.8 ± 4.0

7.9 ± 2.7

8.1 ± 2.3

6.1 ± 1.3

+4°C

19.4 ± 1.4

19.7 ± 3.1

9.6 ± 2.6

10.1 ± 1.9

7.6 ± 1.5

Hours gained-to-EWL (mg
g-1 hr-1) cost

Current

0.09 ± 0.02

0.1 ± 0.05

0.1 ± 0.06

0.1 ± 0.06

0.2 ± 0.05

+4°C
Current
+4°C
Current

0.06 ± 0.01
0.3 ± 0.07
0.5 ± 0.08
4.9 ± 0.9

0.08 ± 0.03
0.3 ± 0.1
0.4 ± 0.1
4.0 ± 1.5

0.07 ± 0.03
0.06 ± 0.03
0.1 ± 0.04
0.9 ± 0.4

0.08 ± 0.03
0.08 ± 0.03
0.1 ± 0.04
1.2 ± 0.5

0.1 ± 0.03
0.08 ± 0.03
0.1 ± 0.04
1.2 ± 0.4

+4°C
Current

6.9 ± 1.0
9.7 ± 1.9

5.9 ± 1.7
8.0 ± 3.0

1.4 ± 0.5
1.8 ± 0.9

1.9 ± 0.6
2.3 ± 1.0

1.9 ± 0.6
2.3 ± 0.8

+4°C

13.7 ± 2.1

11.9 ± 3.5

2.8 ± 1.0

3.7 ± 1.2

3.8 ± 1.1

Hours gained from panting
EWL cost (mg g-1 hr-1)
-1

MHP cost (mW g-1)
No. 100 mg insects to
recover total H2O loss hr-1*
Potential energy gain from
insects (kJ hr-1)**

*100 mg insect is assumed to contain 70 mg H2O
**100 mg insect is assumed to contain 2 kJ energy
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Relative cost-to-benefit of panting
There was a significant positive association between elevation and the relative cost-tobenefit ratio, (hours gained:EWL [mg g-1 hr-1]) or profitability, of panting, with a significant
interactive effect of climate warming (climate × elevation) for S. bimaculosus (F1,290 = 48.9, p <
0.001), S. clarkii (F1,378 = 92.7, p < 0.001), S. cowlesi (F1,482 = 56.2, p < 0.001), S. jarrovii
(F1,154 = 27.5, p < 0.001), and S. poinsettii (F1,101 = 206.5, p = 0.01). For current climate
conditions, S. poinsettii had the highest average panting profitability of 0.2 ± 0.05 hour gain: mg
H2O g-1 hr-1 loss, while S. bimaculosus had to lowest panting profitability of 0.9 ± 0.02 hour gain:
mg H2O g-1 hr-1 loss (Table 3.2). However, S. poinsettii also had the greatest reduction in panting
profitability after climate warming, decreasing 50% to 0.1 ± 0.03 hour gain: mg H2O g-1 hr-1 loss.
In contrast, S. clarkii had a panting profitability of 0.1 ± 0.05 hour gain: mg H2O g-1 hr-1 loss
under current climate conditions, decreasing roughly 20% to 0.8 ± 0.03 hour gain: mg H2O g-1
hr-1 loss under warming conditions. Additionally, although S. clarkii had similar overall panting
profitability values as S. poinsettii, it typically had higher panting profitability values than other
species when compared at the same elevation (Fig. 3.4).
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Fig. 3.4. Profitability of panting as a function of elevation (m) for Sceloporus spp. for current
(blue dots) and warming (red dots) climate conditions. Profitability is defined as the ratio of
hours of activity gained from panting to the evaporative water loss cost (hours gained:mg H2O g1
hr-1) of panting.

Fig. 3.5. Mean ± s.d. total water loss (g hr-1) when using panting as to evaporatively cool for
Sceloporus spp. for when not panting (blue bars) and panting (red bars) for current and warming
(+4°C) climate conditions.
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Sex Differences
There was no significant difference between male and female lizards in the Tpant for any
of the species tested (Fig. 3.7, Table 3.3): median S. bimaculosus males = 39.1°C, n = 6, female
= 39.4°C, n = 1; S. clarkii males = 39.3°C, n = 5, females = 40.6°C, n = 9 (Z = 0.13, p = 0.85); S.
cowlesi males = 39.8°C, n = 5, females = 38.7°C, n = 6 (Z = -1.34, p = 0.17); S. jarrovii males =
40.2°C, n = 3, females = 39.05°C, n = 2 (Z = -1.18, p = 0.23); S. poinsettii males = 38.3°C, n = 8,
females = 39.4°C, n = 6 (Z = 1.88, p = 0.06). There was no significant difference between male
and female lizards in the maximum Ta-Tb gradient for any of the species tested: median S.
bimaculosus males = 1.8°C, n = 6, female = 1.8°C, n = 1; S. clarkii males = 2.1°C, n = 5, females
= 2.5°C, n = 9 (Z = 1.59, p = 0.11); S. cowlesi males = 1.3°C, n = 5, females = 1.4°C, n = 6 (Z =
0.26, p = 0.79); S. jarrovii males = 0.9°C, n = 3, females = 0.9°C, n = 2 (Z = -0.25, p = 0.8); S.
poinsettii males = 0.9°C, n = 8, females = 0.9°C, n = 6 (Z = -0.43, p = 0.6).

Fig. 3.6. Mean ± s.d. total water loss (g hr-1) when using panting to evaporatively cool for
Sceloporus spp. for current (blue bars) and warming (red bars) climate conditions.
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Fig. 3.7. (A) Mean ± s.d. of maximum Ta-Tb gradient maintained while panting and (B) Tpant for
female (blue bars) and male (red bars) Sceloporus spp.

Table 3.3. Mean ± s.d. panting threshold (Tpant) and maximum Ta-Tb gradient maintained while
panting for adults of different sexes of Sceloporus spp. Data from Loughran and Wolf (2020) and
unpublished data (C. Loughran).
Species
S. bimaculosus
S. clarkii
S. cowlesi
S. jarrovii
S. poinsettii

Sex

Tpant (°C)

Max. Ta-Tb gradient (°C)

Female

N
1

40.0 ± NA

1.8 ± NA

Male

6

39.5 ± 0.4

2.0 ± 0.2

Female

9

40.0 ± 0.5

2.8 ± 0.2

Male

5

39.8 ± 0.7

2.1 ± 0.4

Female

6

38.8 ±0.5

1.6 ±0.5

Male

5

39.8 ±0.2

1.5 ±0.3

Female

2

39.1 ± 0.8

0.9 ± 0.3

Male

3

40.1 ±0.2

1.0 ± 0.2

Female

6

39.4 ±0.2

0.9 ± 0.2

Male

8

38.4 ±0.4

1.0 ± 0.1

DISCUSSION
We sought to elucidate the potential effects of thermoregulatory panting for five species
of Sceloporus that occur in a diverse array of habitat types in the American southwest. Our
results suggest that 1) thermoregulatory panting may significantly augment activity time for
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lizards and that this varies across different elevations, 2) the benefit of activity time gained
relative to the amount of water loss is greater at higher elevations, 3) due to increased EWL
rates, more prey items are required to compensate for water loss, which can potentially result in
greater accumulation of energy, provided successful prey acquisition, and 4) the potential
benefits and costs of panting are highly variable when the climate is warmed. Moreover, these
patterns vary substantially among the species tested, with species that are efficient at panting
being well suited to exploit habitats and hours of the day that are thermally unsuitable to
congeners that are ineffective at panting. Consequently, thermoregulatory panting ability may be
considered an important behavioral adaptation for lizards that allows for occupancy of a wide
range of habitats (i.e., a habitat generalist), and may provide a valuable tool in adjusting to
climate-induced shifts in the thermal environment. In the following discussion we examine the
details of our results and explore how our results align with several hypotheses concerning the
adaptive significance of thermoregulatory panting.
Activity hours and panting
We wanted to quantify the potential amount of activity hours available to lizards,
understand how panting influenced activity hours, observe how this varied among species and
elevations, and how climate warming might reduce available activity hours. It has long been
understood that lizard activity is constrained by the thermal conditions of their environment, and
that this can be modeled by knowing a species’ thermal thresholds (Porter et al., 1973; Adolph
and Porter, 1993; Kearney and Porter, 2009; Sinervo et al., 2010; Gunderson and Leal, 2016).
While our model accounts for a wide range of thermal thresholds to minimize constraint on
categorizing activity (i.e., model assumes activity rates are constant across a thermal window), it
does not consider that mean activity rate may vary across a range of Tb’s, nor does it account for
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the physiological demand of different kinds of activity (Gunderson and Leal, 2015). Thus, when
we quantify the hours activity available to a lizard, we are describing the potential number of
hours available for activity when thermal conditions are conducive to achieving and maintaining
Tpref that allows for activity, rather than suggesting that a lizard will maintain activity for the total
number of hours reported. Additionally, because we inhibited shade-seeking thermoregulatory
behavior for our lizard simulations, our model does not account for how various levels of shade
in a given environment might preclude occupancy of certain habitat types for thermophilic
species (i.e., “cold-barriers”; Huang et al., 2020b).
We observed a wide range of activity hours available to lizards with two patterns that
consistently emerged across species: 1) potential activity hours are greater at higher elevations
and 2) potential activity hours are decreased after climate warming, although the influence of
panting and the effect of climate warming was highly variable among species (Fig. 3.1A). The
first trend is due to the lower average Ta’s at high elevations relative to lowland deserts. Because
operative temperatures can rapidly exceed a species’ critical thermal limits in desert
environments, activity hours can be rapidly truncated, especially in the hot summer months
(Porter et al., 1973; Grant and Dunham, 1988; Adolph and Porter, 1993). This effect is reduced
as thermal conditions become less hostile, such as at higher latitudes or elevations, allowing for
activity periods that extend beyond the peripheries of a day (Grant, 1990; Sears, 2005; Parlin et
al., 2020). The second trend stems from the behavioral avoidance of environmental temperatures
that exceed a species’ upper thermal limits and has been proposed as a mechanism for population
reduction and extinction (Huey et al. 2003, 2012; Sinervo et al., 2010). The positive trend
between elevation and activity hours was more pronounced in S. bimaculosus and S. clarkii, two
species that occupy arid lowland and upland habitats, respectively, for both panting and non-
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panting states. In contrast, S. jarrovii and S. poinsettii, species that more commonly occupy
montane woodlands and canyons, had relatively shallower slopes for both panting states. This is
likely due in part to that these species occupy high elevations (2500–3000 m), where activity is
more likely to be constrained by cold limits than hot limits. However, when compared to climate
warming activity estimates, the steepness of the S. jarrovii and S. poinsettii slopes increased for
both panting states, indicating that the thermal environments at high elevations will become more
conducive to maintaining activity, while low elevation thermal environments will be less
hospitable (Chamaillé-Jammes et al., 2006; Buckley and Kingsolver, 2012; Chukwuka et al.,
2021).
The stark differences among lizard species in the potential amount of activity time gained
from panting highlights the potential importance of panting as a thermoregulatory mechanism,
especially in the context of warming climate (Fig. 3.1B). Among species, S. clarkii gained the
most potential activity time from panting, gaining up to 1.2 hours of activity- twice as much as S.
jarrovii, and three times as much as S. poinsettii (Table 3.2). This is due to the higher Aeff of S.
clarkii, which results from its higher panting effort (Loughran and Wolf, in rev.). In contrast, the
lower panting effort by S. jarrovii and S. poinsettii, and the subsequent lower Aeff, results in
decreased depression of Tb below Ta when panting, ultimately minimizing time within preferred
thermal ranges when temperatures are high. Unlike most other species under current climate
conditions, S. bimaculosus showed a positive trend of activity hours gained when panting as
elevation increased. This species typically occupies desert lowland habitats, such as creosote and
mesquite shrubland and sandy arroyos– habitats that become sparser across the Chihuahuan
Desert as elevations increase. Consequently, when these habitats are available in regions of the
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desert that have lower operative temperatures for longer periods of the day (i.e., higher
elevations), S. bimaculosus are afforded more activity time.
When considering potential activity time gained from panting under a warming climate,
most species showed an upward shift in the slopes of potential activity hours gained at higher
elevations (Fig. 3.1B). In addition to the lower average Ta’s at higher elevations, which creates a
greater heat sink for heat dissipation than at low elevations, air is less dense at high elevations,
thereby increasing the diffusivity of heat more so than at low elevations. This can allow for a
faster rates of heat dissipation into the environment during panting and may consequently
compound the utility of thermoregulatory panting as low- and mid-elevation species (S.
bimaculosus, S. clarkii) species ranges shift upward as climates warm. The mid- to highelevation species S. jarrovii and S. poinsettii are highly reliant on shade as a habitat resource to
thermoregulate, either from overhanging canopy cover or from rock crevices, and have thus
likely not experienced strong selective pressure tolerate high heat loads (Middendorf and Simon,
1998; Degenhardt et al., 1996; Wiens et al., 2019). Although we inhibited shade-seeking
behavior in our model, it has been shown that as climate warms, shade resources will become
more clumped and competition for this resource will increase (Sears et al., 2016). Combined
with the hormonal stressors of intra- and inter-specific competition (Rusch and Angilletta, 2017)
and the reduced ability to use panting to modulate activity hours, it is possible that these species
will gradually be displaced at the lower elevational peripheries of their range as climates
continue to warm as species interactions increase (Chen et al., 2011; Urban and Zarnetske, 2013;
Perold et al., 2021). Like the two other montane species, S. cowlesi appeared to have modest
gains of activity hours across much of its range. While this species does co-occur with S. clarkii
and S. poinsettii in parts of its range, it widespread across the southwest and occurs in many
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habitats where it is the only Sceloporus present (i.e., central and northern New Mexico), and may
therefore not be faced with congeneric interactions as climates and habitats shift.
Physiological costs, benefits, and tradeoffs of panting
Estimates of EWL and MHP rates for lizards are based on the model’s simulation of
lizard Tb in nature, combined with the Mb, Aeff, and metabolic constants that are entered as part of
the model parameters (Andrews and Pough, 1985; Kearney and Porter, 2004). Because the model
categorizes different types of activity based on lizard Tb, the associated EWL and MHP rates
under the ‘active’ category are inherently dependent on the model’s estimates of Tb in a given
microclimate. Additionally, because the ‘shade-seeking’ parameter of the model was disabled,
estimated EWL and MHP values do not account for microclimates that might reduce these
estimates. Thus, when we describe patterns in EWL and MHP, we are describing the potential
EWL and MHP rates for thermal conditions that allow for achieving and maintaining Tpref
without shade-seeking behavior.
By estimating the maximum amount of activity available to lizards, the model results
show that the physiological costs of activity (i.e., EWL, MHP) are influenced by elevation and
climate warming, especially when activity is augmented by panting (Figs. 3.2-3.3). Across
species when panting was disabled, MHP rates were significantly higher at low elevations, which
also significantly, albeit modestly, increased after climate warming. This stems from the higher
average Tb’s maintained in warmer, low elevation environments (Beaupre et al., 1993). While
there was an apparent slight negative trend in EWL rates as elevation increased, and a slight
increase as climate warmed, none of these trends were significant. This is due to the low overall
EWL rates of Sceloporus lizards when Tb’s are below Tpant, combined with cutaneous EWL rates
that are typically higher at lower Ta’s (Oufiero and Van Sant, 2018; Loughran and Wolf, in rev.).
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Owing to its small size, S. cowlesi had the highest average mass-specific non-panting EWL rates,
at 1.0 mg H2O g-1 hr-1 under current conditions, and 1.2 mg H2O g-1 hr-1 under warming
conditions– twice as much as S. poinsettii under current and warming conditions (Table 3.1).
However, when panting was enabled, EWL and MHP increased for all species, with significant
effects of elevation and climate warming (Fig. 3.2A, 3.3A). When panting was enabled under
current conditions, S. clarkii and S. bimaculosus had the highest EWL rates, losing an average of
up to 0.3 ± 0.1 to 0.4 ± 0.06 g H2O hr-1, or approximately 1.5% Mb hr-1. Similarly, under
warming conditions, their EWL increased to 0.4 ± 0.1 to 0.5 ± 0.08 g H2O hr-1, which when
compared to the montane species, is four to fives times higher in overall water loss costs (Figs.
3.5-3.6, Table 3.2). The higher EWL rates in these species is largely due their higher Aeff, which
results from the increased panting effort and overall convective heat transfer when air circulates
in the lungs (Kearney and Porter, 2004; Loughran and Wolf, in rev.). We note that Aeff
calculations are sensitive to lizard EWL estimates, and that caution should be applied when
considering factors that might influence EWL when measurements are taken (i.e., body size,
level of exertion, environmental conditions). Nevertheless, we are confident that our calculations
closely match real EWL rates for each of these species (Figs. S5-S7). Other studies have noted
that lizard EWL and MHP rates will vary with habitat type and taxa, offering suggestions on how
breadth in activity periods and thermoregulation strategies among taxa might influence the
observed variation (Munsey, 1972; Muatz, 1982a, b; Nagy et al., 1999; Muñoz-Nolasco et al.,
2019). For example, Congdon et al. (1982) noted that lizards in the genus Urosaurus have
markedly different EWL rates, which is directly tied to the habitat types they occupy, and thus
have different constraints on daily activity periods and food intake. However, because
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thermoregulatory panting is so infrequently observed in situ, none of these studies have proffered
the role panting in habitat use and thermoregulation among different temperature regimes.
To understand the relative cost-to-benefit tradeoffs of panting, we created an index of
panting profitability by taking the ratio of time gained from panting (hrs.) to the EWL cost of
panting (mg H2O g-1 hr-1). This allowed us to examine how panting profitability varied across
different microclimates at different elevations (Fig. 3.4). For all species, panting profitability
increased at higher elevations. This is unsurprising, as thermal safety margin are greatly
increased when evaporative cooling is in tandem with cooler microclimates (Sunday et al.,
2014). Interestingly, S. poinsettii, one of the least effective at panting, had the highest average
panting profitability at 0.2 ± 0.5, while S. bimaculosus and S. clarkii, two of the most effective at
panting, had the lowest at 0.09 ± 0.02 and 0.1 ± 0.05, respectively (Table 3.2). However, the
apparently high panting profitability of S. poinsettii is due to its overall low expansion of activity
hours from panting, and the concomitantly low EWL rates, combined with the occupation of
higher elevations, where microclimates are cooler and heat dissipation demands are less intense
(Loughran and Wolf, 2020, in rev.). In contrast, while S. bimaculosus and S. clarkii had lower
overall panting profitability, the estimated values of panting profitability were usually equal to or
greater than the values of S. poinsettii or S. jarrovii at the same elevations. When climate
warming was applied, panting profitability significantly decreased for all species, although the
magnitude of decrease varied among species. For example, the panting profitability of S.
poinsettii decreased by an average of 50%, whereas there was only a 20% decrease for S. clarkii
(Table 3.2). Additionally, while the panting profitability of efficient panters like S. bimaculosus
and S. clarkii decreased after climate warming, their values were relatively close to the panting
profitability values of S. jarrovii and S. poinsettii under current conditions at the same elevation.
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Consequently, S. bimaculosus and S. clarkii have a valuable thermoregulatory option that may
allow them to occupy similar habitats as, and therefore compete with, their montane congeners as
climates warm. While there have been no other attempts to quantify a panting profitability for
lizards, other studies have noted that as the climate warms and the peripheries of habitats shifts,
species interactions will increase, leading to potential shift in community dynamics (Gilman et
al., 2010). For example, Dunham (1980) noted that S. merriami and Urosaurus ornatus are often
in direct competition for food resources during periods of drought, with U. ornatus population
densities severely affected by the presence of S. merriami. In the case of the potential amount of
activity hours gained from panting by S. bimaculosus and S. clarkii, it is likely that they will
have a distinct advantage in maximizing activity in habitats currently occupied by montane
species as climates warm (Deutsch et al., 2008; Raxworthy et al., 2008). However, a major
caveat in the utility of thermoregulatory panting lies in each species’ ability to replenish water
lost from panting.
The water deficits accrued from panting can significantly impact an individual’s
endogenous water balance. For S. jarrovii, the model estimated approximately EWL of 90 ± 40
mg H2O hr-1, which equates to roughly 50% of its daily water budget (Congdon et al., 1979).
Species that live in warmer microclimates and are more effective at evaporative cooling such as
S. bimaculosus and S. clarkii have even higher EWL rates, at 400 mg H2O hr-1 and 300 mg hr-1,
respectively (Table 3.1). Although contribution from metabolic water to overall water balance
and replenishment may be greater than is normally considered (J. P. Whiteman, pers. comm.),
here we assume that water replenishment will come primarily from the acquisition of prey items.
Because the total mass of a given insect is approximately 60-70% water, we assumed that a 100
mg insect (e.g., Orthoptera; common prey for these species) would contain approximately 70 mg
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of water (Bell, 1990). Dividing the total amount of water loss per hour during panting by the
water content of an insect, we can estimate that a S. clarkii that is panting to thermoregulate
would need to acquire approximately 4.2 grasshoppers hr-1 to recover water lost from panting
when maintaining continuous activity, or about 1 grasshopper every 15 minutes. While this is
probably a higher feeding rate than what is realistic for these lizards in nature, if we assume that
a lizard has 1-2 successful feeding attempts per hour during active hours (Anderson and Karasov,
1981; Martín and Salvador, 1993), then we can estimate that a lizard has acquired 70-140 mg of
water, enough to sustain activity for approximately 10-20 minutes. Although the water acquired
from prey is to replenish the deficit accrued from panting, the metabolizable energy content of a
100 mg prey item is about 2 kJ, the approximate daily energy budget of a Sceloporus (Bennett
and Nagy, 1977; Karasov, 1990; Nagy et al., 1999; Powers et al., 2018). Thus, if a lizard is
foraging for insects to recover water lost and maintain water balance (i.e., foraging for water), it
can augment its body condition by acquiring excess energy stores, which can in turn be invested
in reproductive output (Allen et al., 2012; Warne et al., 2012; McCluney, 2017).
When comparing energy accumulation potential for the different species, S. bimaculosus
and S. clarkii can accumulate up to three times as much energy as the other Sceloporus when
modulating their activity via panting, provided adequate food availability (Table 3.2; Karasov
and Anderson, 1984). However, because climate warming will increase the evaporative demand
of panting, prey acquisition rates in low elevations may be unattainable. As deserts continue to
dry and warm, insect abundance is projected to decrease, decreasing the food (and water)
available to lizards (Archer and Predick, 2008; Flesch et al., 2017). Thus, as temperatures
continue to warm, and upland and montane habitats become more suitable for S. bimaculosus
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and S. clarkii, they will likely have greater access to food resources than their high elevation
congeners (Dunham, 1980; Deutsch et al., 2008).
Consequences for life history
How might shifts in activity hours, metabolism, and water loss associated with panting
affect aspects of these species’ life history? While difficult to predict, studies have shown that
features such as body size, growth rate, survival, and reproductive success can be sensitive to
shifts in community dynamics, elevation, climatic features (i.e., temperature range and average
precipitation), and thermal suitability of habitat. For example, when comparing populations of S.
graciosus at different elevations, Sears (2005) noted that high elevation lizards, which had lower
mean daily activity times, had higher growth rates, but also higher mortality rates than low
elevation populations. He attributed this to shorter growing season and the need for lizards to
acquire resources quickly to reach a sufficient body size for overwinter survival. Flesch et al.
(2017) found that in a Sonoran Desert lizard community, lizard survival and population
abundance was negatively correlated with increased minimum temperatures, due to the increased
the metabolic costs of inactivity. In a study on European adders (Vipera berus) which, like S.
jarrovii and S. poinsettii are viviparous, Dezetter et al. (2021) observed that decreased access to
water for pregnant females led to increased embryonic mortality. They argued that female
physiological stress, combined with reduced recruitment, may be a mechanism of population
reduction due to climate induced warming and droughts. In the context of physiological costs of
a warming climate, it has been suggested that increased maintenance Tb’s will increase
physiological demands of metabolic and water loss rates, thereby increasing food requirements
(Kearney et al., 2009). For our study species, the expansion or contraction of activity times, and
the concomitant access to or restriction from food and water resources is likely to significantly
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affect the performance and persistence of populations across elevational ranges. Species such as
S. poinsettii and S. jarrovii may be liable to higher vulnerability to climate induced shifts in
thermal regimes of habitats, whereas S. clarkii may be well suited to habitats currently occupied
by its montane congeners. For instance, S. clarkii typically maintains higher active Tb’s than S.
jarrovii and S. poinsetttii and is typically shyer and more cautious when approached (Schwalbe,
2009; Wiens et al., 2019; C. Loughran pers. obs.). This strategy is typically associated with
effective predator avoidance, as high mean Tb’s are selected for to maintain faster movements
and alertness when predator abundance is high (Landry Yuan et al., 2021). This behavioral trait
is critical, as increased activity times are typically associated with increased predation risk (Huey
an Slatkin, 1976; Sears, 2005). If S. jarrovii and S. poinsettii activity periods are constrained,
increased effort to acquire resources to compensate for reduced activity time, combined with
lower active Tb’s and ecological naivete, may increase the risk of predation, especially as novel
predators from lower elevations are introduced (McNamara and Houston, 1987). Furthermore, if
maintenance costs are increased as climates warm, species that are disadvantaged in activity time
for Tb maintenance and resource acquisition may experience reduced digestive efficiency,
decreased body condition, and by extension, decreased fecundity (Hall and Warner, 2017; Levy
et al., 2017).
Thermal thresholds for certain kinds of activity are also sensitive the conditions of the
thermal environment (Gunderson and Leal, 2016). Porter et al. (1973) and Gunderson and Leal
(2015) demonstrated the importance of achieving and maintaining a narrow thermal threshold for
reproductive activities in desert iguanas (Dipsosaurus dorsalis) and crested anoles (Anolis
cristatellus), respectively. Adolph and Porter (1993, 1996) and Sinervo and Adolph (1989) argue
that less thermal opportunity should translate to reduced growth and body size in lizard
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populations. In particular, the thermoregulatory and ecological challenges that small-bodied
individuals (i.e., juveniles) for a given species face in a thermally dynamic are liable to be
compounded, due to higher heating and cooling rates, and associated higher mass-specific
metabolic and water loss rates (Gilbert and Lattanzio, 2016). Because growth rates are correlated
with Tb’s that maximize the capture of prey and the assimilation of energy, the longer an
individual can maintain a preferred Tb, the faster its growth rate will be (Adolph and Porter,
1993; Angilletta, 2001). Thus, young lizards that are invested in maximizing growth are likely to
increase their fitness by achieving and maintaining a preferred Tb for as long as possible
(Niewiarowski, 2001; Angilletta et al., 2002). Loughran and Wolf (2020) noted that smallerbodied individuals within a species tend to refrain from panting to thermoregulate and are thus
more likely to rely on thermoregulatory shuttling to maintain preferred Tb’s (Aubret and Shine,
2010; Loughran, 2014; Kearney et al., 2020). In the context of climate warming, if activity hours
and prey acquisition rates are reduced, juvenile lizards are liable to experience reduced growth
rates. While there is limited data on the thermoregulatory strategies of juvenile cohorts of species
and the associated costs, we suggest special attention be given to the potential for recruitment
and rates of individual survival and growth for juvenile cohorts of montane species.
Adaptive significance of panting: hypotheses
Because panting has been long overlooked as a viable thermoregulatory mechanism, its
adaptive significance for lizard thermal ecology has not been explored. In the following
paragraphs, we present brief hypotheses on the adaptive significance of thermoregulatory
panting, and how our data melds with them.
Self-rescue
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This is most in line with the traditional view of panting in lizards in that panting is used
solely as a self-rescue mechanism when a lizard approaches its upper critical thermal limits.
Because panting is infrequently observed as thermoregulatory strategy in situ and is usually
described at or near a lizard’s VTmax, it has often been thought of as a sign of thermal stress or a
limited delay to the onset of lethal hyperthermia (Dawson and Templeton, 1963, 1966; DeWitt,
1967; Judd, 1975; Mautz, 1982a; Camacho and Rusch, 2017). However, panting is likely
infrequently used for those purposes, as lizards typically retreat to shelter when exposed to
intense heat loads well before reaching their critical thermal limits (Cowles and Bogert, 1944).
For species that are ineffective at panting, they are more likely to use thermoregulatory
shuttling to modulate Tb. This is because in the habitats that these species occur, there is limited
extra activity time gained from panting when at higher elevations (Fig. 3.1A). The high elevation
species (S. jarrovii and S. poinsettii) thus likely do not frequently pant, as the selective pressure
to avoid heat is much lower, and it is easier to precisely thermoregulate by shuttling (Middendorf
and Simon, 1988). In contrast, for species that are effective at panting, the evaporative cooling
effect can lower Tb enough to maintain a thermal safety margin equivalent to retreating to a
cooler microclimate (Sunday et al., 2014). While thermoregulatory panting may be
physiologically expensive in hot environments, its profitability can be substantial at higher,
cooler elevations (Fig. 3.4). Thus, while we do not find support for the ‘self-rescue’ hypothesis,
we do suggest that special attention be given to the frequency of thermoregulatory panting in
different elevations. As noted above, while solar radiation might be greater at higher elevations,
the average Ta is usually lower and the diffusivity of air is greater, which is conducive to
efficient heat dissipation. A testable hypothesis would be to observe if frequency in
thermoregulatory panting varies among populations at different elevations.

100

Sustained Activity: resource accumulation and reproductive advantage
This hypothesis is subdivided into two elements: resource accumulation and reproductive
advantage. We have divided sustained activity into two subcategories because when lizard
activity is discussed in the context of fitness, it usually considers foraging, breeding, and territory
defense (Gunderson and Leal, 2016). Because breeding and territory defense are typically
concomitant and oriented toward the same goal, we have combined them into the category of
reproductive advantage. When we discuss resource accumulation, we are considering the ability
to acquire prey items and increase water and energy balance.
A reproductive advantage to panting might manifest in extended territory defense for
male lizards, including display behaviors or when in direct combat with antagonistic males. If
this is the case, we would predict panting ability might be sexually selected for, and that sexual
dimorphism in panting might emerge, as has been observed in other traits (Sinervo and Lively,
1996). However, we do not find support for any sexual dimorphism in panting traits (Fig. 3.7,
Table 3.3). This is likely because thermoregulatory panting is equally useful to both sexes to
extend activity and may even be favored by female lizards to accumulate extra energy for
reproductive investment. However, because our samples were collected haphazardly throughout
the active season, our data here are limited. We suggest that closer examination be given to how
sexual variation in thermoregulatory traits and thermal thresholds may vary in different seasons,
when reproductive activities are greatest (Domínguez–Guerrero et al., 2019).
Based on the potential for the expansion of activity hours, we have found that there is
great potential for resource accumulation via panting. When a lizard is panting, EWL rates are
significantly increased, which is especially true for species that have a higher Aeff (Fig. 3.2).
Therefore, lizards that are engaged in evaporative cooling must recover water from food items.

101

Because the potential metabolizable energy content of an insect prey item is substantially higher
than the water content, a lizard can quickly accumulate an excess of daily energy requirements.
While we are not suggesting that lizards are continually engaged in panting to capture extra prey
on a regular basis, we do propose that the potential extension of activity may be a mechanism for
fat accumulation. This may be especially significant for oviparous species, as they are typically
associated with a capital breeding strategy (Bonnet et al., 1998). Because of the inherent
difficulty in testing this hypothesis, we suggest that laboratory and field studies give special
attention to thermal and environmental factors that induce voluntary initiation of panting among
species.
Exaptation
In the “Spandrels of San Marco and the Panglossian Paradigm”, Gould and Lewontin
(1979) propose the idea that a trait that is currently useful to an animal may be a byproduct of
another evolved trait, rather than the direct result of selective pressure. This notion was later
refined as an exaptation, or an adaptation that has been co-opted for another purpose (Gould and
Vrba, 1982). In the context of evaporative cooling, panting efficiency appears to be a derived
trait, in that it is not conserved within or among lizard clades (Loughran and Wolf, 2020).
Importantly, species that are most effective at panting are those that inhabit open, arid habitats
(e.g., Crotaphytus collaris), whereas species that are ineffective at panting are typically montane.
Lizards appear to have repeatedly colonized open, arid habitats from forested habitats,
which has been associated with adaptive changes in EWL (Cox and Cox, 2015; Lana et al.,
2021). While having a panting response appears to be the ancestral trait that is observed across
many taxa, the species in our dataset that are the most effective are those that have colonized
open, arid habitats (S. bimaculosus and S. clarkii). Similarly, other species that are adapted to
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arid habitats have been noted to have a head-cooling ability while panting (i.e., Sauromalus ater;
DeWitt, 1967; Case, 1972). Loughran and Wolf (in rev.) found that among taxa, the ability to
pant and effectively cool stems from increased panting effort, as evidenced by elevated
metabolic rates during panting. We conclude that for species that have expanded into arid
environments, the selective pressure for evaporative thermoregulation has increased over time.
Consequently, open-mouth gaping, which may have indeed been an ancestral self-rescue
mechanism, became co-opted as a tool in lizard’s thermoregulatory toolkit.
Climatic Variability Hypothesis and the Bogert Effect
Recent attention has been given to reconciling the Janzen’s climatic variability
hypothesis (1967) and the Bogert Effect (Bogert, 1949) in the context of the evolution of lizard
thermoregulation. In short, the climatic variability hypothesis posits that in regions of low
climatic variability (i.e., the tropics), organisms will have a narrow range of physiological
tolerances and are thus restricted in their geographic range by abiotic barriers, such as altitudinal
shifts in average temperature (reviewed in Ghalambor et al., 2006). The Bogert Effect describes
the tendency for behavioral avoidance of an abiotic pressure (i.e., thermoregulation and
temperature) to hinder that pressure’s selective force, and thus lead to decreased phenotypic
divergence in a population (Huey et al., 2003). A critical assumption of the Bogert Effect is that
there is heterogeneity in the environment such that an animal can choose different microhabitats
to maintain a Tpref or avoid its CTmax. However, when the thermal environment is homogenous
(i.e., at night or in winter) the Bogert Effect is less pronounced and phenotypic divergence is
observed (Logan et al., 2019; Muñoz and Bodensteiner, 2019).
In the context of our study species, we observed that the species that inhabits the widest
range of habitats and thermal regimes (S. clarkii) is capable to tolerating the widest range of
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temperatures, whereas the species that inhabit relatively stable environments where temperatures
do not regularly exceed critical thermal limits (S. jarrovii and S. poinsettii) have lower tolerance
for intense heat. However, the panting threshold and CTmax values of these species are highly
similar, suggesting that these traits have been conserved through evolutionary time (Loughran
and Wolf, 2020). While this result lends favor to the Bogert Effect, the ability to evaporatively
cool via panting appears to be an adaptation for living in a wide array of thermal environments.
As noted, S. clarkii occurs in a wide range of habitats that range from upland desert to riparian to
thornscrub woodland mid-elevation canyons, across elevations that range from less than 500 m
to over 2000 m. In similar fashion, the collared lizard (Crotaphytus collaris), which is also
highly efficient at panting, is found in a variety of habitats, latitudes, and elevations. Thus, while
thermal limits are conserved, behavioral thermoregulation via evaporative cooling may be a
special case of adherence to the climatic variability hypothesis, as it provides a mechanism for
occupying thermal regimes that are outside of the typical thermal tolerance limits of a species.
Conclusions
We have demonstrated that thermoregulatory panting can play a significant role in the
modulation of activity periods for Sceloporus lizards. We have also proposed several hypotheses
pertaining to the adaptive significance of panting as a thermoregulation mechanism. An
important conclusion of this study is that the utility of panting is heavily dependent on a species’
panting ability, as well as the ability to recover lost water. Assuming recovery of water via food
items is tenable, the energy gained from food items may be significant for the accumulation of
fat stores. We have also demonstrated that panting ability may play a crucial role in the
persistence or vulnerability of populations as climates warm. Specifically, the ability to resist the
truncation of activity, combined with the water demands and the potential energetic payoff, may
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ameliorate the expansion, or accelerate the contraction of species distributions along the
peripheries of their range. While the potential extent of panting as a mechanism for the resource
accumulation is unknown, we suggest that researchers to not dismiss this important
thermoregulatory mechanism when considering the thermal physiology of lizards.
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APPENDIX 1
Table S2.1. Mean (± s.e.) panting thresholds (Tpant), critical thermal maximum (CTmax),
heat tolerance limits, and maximum Ta-Tb gradient for lizards observed from this study.
Estimates that may differ from Loughran and Wolf (2020) are by virtue of different
sample sizes and are given in parentheses.
Species

Tpant (Tb °C)

CTmax (Tb °C)

Heat Tolerance Limit (°C)

Max Gradient (°C)

Aspidoscelis exsanguis

43.7 ± 0.3

45.6 ± 0.2

46.1 ± 0.4

0.7 ± 0.1

41.6 ± 0.2

45.9 ± 0.1

48.4 ± 0.1

2.4 ± 0.1

Crotaphytus collaris

(41.5 ± 0.2)

(45.4 ± 0.2)

(48.4 ± 0.1)

(2.7 ± 0.2)

Dipsosaurus dorsalis

43.4 ± 0.4

47.4 ± 0.2

49.1 ± 0.2

1.9 ± 0.2

Sauromalus ater

42.5 ± 0.3

46.6 ± 0.2

48.0 ± 0.1

1.7 ± 0.4

Callisaurus draconoides

44.3 ± 0.3

46.3 ± 0.5

48.2 ± 0.2

1.5 ± 0.2

43.2 ± 0.3

46.1 ± 0.1

47.4 ± 0.3

1.4 ± 0.2

Cophosaurs texanus

(43.2 ± 0.2)

(45.5 ± 0.6)

(47.4 ± 0.2)

(1.4 ± 0.3)

Phrynosoma cornutum

40.5 ± 0.7

44.8 ± 0.1

48.1 ± 0.2

2.5 ± 0.3

42.2 ± 0.4

45.3 ± 0.2

47.4 ± 0.2

2.3 ± 0.2

Phrynosoma hernandesi

(40.2 ± 0.3)

(45.4 ± 0.1)

(47.5 ± 0.2)

(2.3 ± 0.2)

Phrynosoma modestum

41.9 ± 0.8

45.9 ± 0.1

48.6 ± 0.3

2.7 ± 0.2

Phrynosoma solare

41.0 ± 0.8

45.7 ± 0.6

47.5 ± 0.8

2.5 ± 0.5

40. 0 ± 0.3

44.4 ± 0.2

45.8 ± 0.2

1.7 ± 0.2

(39.9 ± 0.3)

(44.5 ± 0.1)

(45.8 ± 0.2)

(1.8 ± 0.2)

39.7 ± 0.4

44.2 ± 0.2

46.0 ± 0.3

2.1 ± 0.2

(40.2 ± 0.3)

(44.0 ± 0.2)

(46.0 ± 0.2)

(2.3 ± 0.2)

39.8 ± 0.3

43.5 ± 0.3

44.5 ± 0.2

1.3 ± 0.2

Sceloporus cowlesi

(39.6 ± 0.2)

(43.5 ± 0.2)

(44.5 ± 0.2)

(1.6 ± 0.2)

Sceloporus jarrovii

39.3 ± 0.3

43.5 ± 0.2

44.2 ± 0.2

1.0 ± 0.1

39.2 ± 0.3

43.9 ± 0.1

44.3 ± 0.4

0.8 ± 0.1

(39.1 ± 0.2)

(43.6 ± 0.1)

(44.3 ± 0.3)

(0.9 ± 0.03)

42.8 ± 0.3

45.2 ± 0.2

46.6 ± 0.4

1.5 ± 0.2

Urosaurus ornatus

(42.9 ± 0.3)

(45.0 ± 0.6)

(46.6 ± 0.3)

(1.7 ± 0.3)

Uta stansburiana

42.4 ± 0.6

43.8 ± 0.9

45.0 ± 0.6

1.5 ± 0.3

Sceloporus bimaculosus

Sceloporus clarkii

Sceloporus poinsettii
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Table S2.2. Metabolic cost of panting (observed – pre-pant Q10 predicted maximum metabolic
heat production), ratio of the metabolic cost of panting to baseline metabolic rate at 35°C.
Species

Metabolic Cost of Panting (obs. – pred. MHP; mW g-1) Ratio of cost of panting to baseline 35°C

Aspidoscelis exsanguis

-0.2

-0.03

Crotaphytus collaris

4.3

2.85

Dipsosaurus dorsalis

4.2

3.37

Sauromalus ater

1.5

1.71

Callisaurus draconoides 3.6

2.47

Cophosaurs texanus

5.4

3.39

Phrynosoma cornutum

4.1

2.45

Phrynosoma hernandesi

2.9

1.12

Phrynosoma modestum

0.6

0.25

Phrynosoma solare

3.7

2.54

Sceloporus bimaculosus

3.0

1.40

Sceloporus clarkii

5.0

2.70

Sceloporus cowlesi

2.9

1.03

Sceloporus jarrovii

1.4

0.66

Sceloporus poinsettii

0.1

0.05

Urosaurus ornatus

5.6

2.2

Uta stansburiana

-0.4

-0.1
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APPENDIX 2

Fig. S3.1. Model sensitivity of hours gained from panting to CTmax (A; 40°C, 42.8°C, 45.6°C),
Tpant (B; 37.3°C, 39.3°C, 41.3°C), Mb (C; 10 g, 30 g, 45 g), and Tpref (32°C, 34°C, 36°C) at
three elevations: 730 m, 1500 m, and 3000 m. Variance in each condition comes from testing
different pant multipliers of 2, 3, 4, and 5.
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Fig. S3.2. Model sensitivity of evaporative water loss (mg g-1 hr-1) to CTmax (A; 40°C, 42.8°C,
45.6°C), Tpant (B; 37.3°C, 39.3°C, 41.3°C), Mb (C; 10 g, 30 g, 45 g), and Tpref (32°C, 34°C, 36°C)
at three elevations: 730 m, 1500 m, and 3000 m. Variance in each condition comes from testing
different pant multipliers of 2, 3, 4, and 5.

Fig. S3.3. Body temperature (Tb) measured against air temperature (Ta). Solid lines are data from
respirometry trials on live lizards. Dashed lines are values estimated from NicheMapR model
under chamber conditions.
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Fig. S3.4. Evaporative water loss (mg g-1 hr-1) measured against body temperature (Tb). Solid
lines are data from respirometry trials on live lizards. Dashed lines are values estimated from
NicheMapR model under chamber conditions.

Fig. S3.5. Metabolic heat production (mW g-1) measured against body temperature (Tb). Solid
lines are data from respirometry trials on live lizards. Dashed lines are values estimated from
NicheMapR model under chamber conditions.
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Supplementary Tables
Table S3.1. Ectotherm model parameters

N
Mb (g)
CTmin (°C)
Tpref (°C)
Tpant (°C)
CTmax (°C)
Breathing
rate
multiplier
Metabolic
rate increase
at panting*
Percent
mouth area

Twin-spotted
spiny lizard
S.
bimaculosus
148
30
5.1
34.5
39.9
44.5

Southwestern
fence lizard
S. cowlesi
251
9
6.3
33
39.9
43.5

Clark’s
spiny
lizard
S. clarkii
192
24
8
34.8
40.2
44

Yarrow’s
spiny
lizard
S. jarrovii
79
14
13.6
33
39.3
43.5

Crevice
spiny
lizard
S.
poinsettii
54
30
10
33
39.1
43.3

Citation
for
parameters
8
2, 3, 4, 6
1, 3, 4, 5, 7
8
8

default setting

2

2

2

2

2
9

3.5

3.0

5.0

3.5

3.0

3.5

4

2

2

1.5

10, this study

1

Parker and Pianka (1972)
Scwalbe (1981)
3
Crowley (1985)
4
Gilbert and Lattanzio (2016)
5
Gadsden et al. (2018)
6
Dominguez-Guerrero et al. (2019)
7
Wiens et al. (2019)
8
Loughran and Wolf (2020)
9
Loughran and Wolf (in rev.)
10
Huang et al. (2020)
2

*this parameter was adjusted in the ectotherm model, where the M1 parameter, based on
the Andrews and Pough (1985) multiple regression model, is adjusted to suit changes in
metabolic rate.
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Table S3.2. Coordinates for NicheMapR microclimate model taken from GBIF.
longitude

ID

Sceloporus bimaculosus

SCBI02

-103.975

29.4785

Texas

1245.6

Sceloporus bimaculosus

SCBI05

-106.909

29.60815

Texas

804.91

Sceloporus bimaculosus

SCBI08

-106.818

34.66445

New Mexico

1582.39

Sceloporus bimaculosus

SCBI010

-103.369

29.27931

Texas

1108.36

Sceloporus bimaculosus

SCBI012

-106.909

33.76567

New Mexico

1372.23

Sceloporus bimaculosus

SCBI015

-106.801

34.50491

New Mexico

1451.29

Sceloporus bimaculosus

SCBI017

-103.467

29.49165

Texas

1177.86

Sceloporus bimaculosus

SCBI020

-106.891

33.80477

New Mexico

1378.99

Sceloporus bimaculosus

SCBI024

-106.624

31.89053

Texas

1145.42

Sceloporus bimaculosus

SCBI028

-107.613

32.18749

New Mexico

1400.61

Sceloporus bimaculosus

SCBI031

-105.953

32.86617

New Mexico

1329.58

Sceloporus bimaculosus

SCBI032

-106.724

32.26109

New Mexico

1223.05

Sceloporus bimaculosus

SCBI033

-106.855

33.9842

New Mexico

1394.16

Sceloporus bimaculosus

SCBI035

-106.68

32.38595

New Mexico

1370.19

Sceloporus bimaculosus

SCBI036

-106.403

31.94502

Texas

1212.54

Sceloporus bimaculosus

SCBI037

-106.695

32.29584

New Mexico

1315.39

Sceloporus bimaculosus

SCBI038

-106.59

32.32989

New Mexico

1723.54

Sceloporus bimaculosus

SCBI042

-103.442

29.43325

Texas

1546.42

Sceloporus bimaculosus

SCBI049

-106.648

32.29613

New Mexico

1397.61

Sceloporus bimaculosus

SCBI050

-106.403

32.02707

New Mexico

1238.96

Sceloporus bimaculosus

SCBI052

-106.979

32.52708

New Mexico

1243.24

Sceloporus bimaculosus

SCBI053

-106.923

34.10938

New Mexico

1471.31

Sceloporus bimaculosus

SCBI054

-106.472

34.49448

New Mexico

2020.36

Sceloporus bimaculosus

SCBI059

-103.591

31.08274

Texas

Sceloporus bimaculosus

SCBI063

-106.733

32.31355

New Mexico

1298.26

Sceloporus bimaculosus

SCBI067

-110.187

31.72161

Arizona

1177.21

Sceloporus bimaculosus

SCBI072

-103.068

29.62899

Texas

Sceloporus bimaculosus

SCBI074

-106.924

34.19398

New Mexico

Sceloporus bimaculosus

SCBI078

-103.136

29.27143

Texas

Sceloporus bimaculosus

SCBI080

-107.786

32.12127

New Mexico

1295.66

Sceloporus bimaculosus

SCBI081

-103.368

29.49326

Texas

1011.29

Sceloporus bimaculosus

SCBI084

-103.482

31.17031

Texas

838.61

Sceloporus bimaculosus

SCBI088

-106.78

34.08358

New Mexico

1564.61

Sceloporus bimaculosus

SCBI093

-106.641

32.42074

New Mexico

1412

Sceloporus bimaculosus

SCBI094

-110.21

31.88231

Arizona

Sceloporus bimaculosus

SCBI107

-107.206

33.18164

New Mexico

1378.3

Sceloporus bimaculosus

SCBI118

-106.874

34.11399

New Mexico

1407.98

Sceloporus bimaculosus

SCBI121

-106.883

34.42189

New Mexico

1463.35

Sceloporus bimaculosus

SCBI127

-106.866

32.28112

New Mexico

1278.19
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latitude

State

Elevation
(m)

Species

870.39

767.47
1421.49
904.68

1130.51

Sceloporus bimaculosus

SCBI129

-106.077

Sceloporus bimaculosus

SCBI131

-109.8

32.2311

Sceloporus bimaculosus

SCBI133

-107.071

32.66983

New Mexico

1238.1

Sceloporus bimaculosus

SCBI143

-103.044

29.21559

Texas

658.97

Sceloporus bimaculosus

SCBI153

-102.937

29.77111

Texas

862.89

Sceloporus bimaculosus

SCBI154

-102.841

29.75336

Texas

902.69

Sceloporus bimaculosus

SCBI155

-102.884

29.60415

Texas

577.12

Sceloporus bimaculosus

SCBI160

-106.669

31.90667

New Mexico

1174.36

Sceloporus bimaculosus

SCBI161

-106.996

34.1899

New Mexico

2009.88

Sceloporus bimaculosus

SCBI165

-106.992

34.14584

New Mexico

1691.97

Sceloporus bimaculosus

SCBI166

-104.132

29.53408

Texas

1016.96

Sceloporus bimaculosus

SCBI167

-103.144

29.41606

Texas

851.91

Sceloporus bimaculosus

SCBI168

-103.178

29.30558

Texas

1049.02

Sceloporus bimaculosus

SCBI169

-103.456

29.31869

Texas

Sceloporus bimaculosus

SCBI170

-109.916

32.06692

Arizona

Sceloporus bimaculosus

SCBI174

-103.622

29.54808

Texas

Sceloporus bimaculosus

SCBI178

-109.214

31.46343

Arizona

1281.18

Sceloporus bimaculosus

SCBI179

-103.882

29.36179

Texas

1101.23

Sceloporus bimaculosus

SCBI180

-109.639

32.63332

Arizona

1104.05

Sceloporus bimaculosus

SCBI183

-107.298

33.47124

New Mexico

1682.82

Sceloporus bimaculosus

SCBI185

-106.872

33.8435

New Mexico

1376.77

Sceloporus bimaculosus

SCBI189

-106.941

33.62807

New Mexico

1442.99

Sceloporus bimaculosus

SCBI193

-103.403

29.23617

Texas

1019.72

Sceloporus bimaculosus

SCBI194

-103.095

29.30833

Texas

794.06

Sceloporus bimaculosus

SCBI199

-104.106

32.01002

New Mexico

904.37

Sceloporus bimaculosus

SCBI200

-107.681

33.2613

New Mexico

1910.54

Sceloporus bimaculosus

SCBI202

-104.03

32.02243

New Mexico

870.51

Sceloporus bimaculosus

SCBI205

-106.682

33.83576

New Mexico

1553.67

Sceloporus bimaculosus

SCBI207

-106.809

34.04429

New Mexico

1482.96

Sceloporus bimaculosus

SCBI210

-102.948

29.55727

Texas

737.37

Sceloporus bimaculosus

SCBI212

-106.325

32.00005

Texas

1220.21

Sceloporus bimaculosus

SCBI218

-106.817

34.14552

New Mexico

1561.36

Sceloporus bimaculosus

SCBI222

-106.925

33.95653

New Mexico

1514.11

Sceloporus bimaculosus

SCBI226

-106.954

33.90964

New Mexico

1561.54

Sceloporus bimaculosus

SCBI229

-103.12

31.53489

Texas

799.62

Sceloporus bimaculosus

SCBI231

-103.64

29.23

Texas

841.9

Sceloporus bimaculosus

SCBI232

-105.916

32.74676

New Mexico

1330.27

Sceloporus bimaculosus

SCBI235

-106.719

34.30117

New Mexico

1595.34

Sceloporus bimaculosus

SCBI236

-107.435

33.01838

New Mexico

1462.13

Sceloporus bimaculosus

SCBI237

-106.822

34.10454

New Mexico

1478.66

Sceloporus bimaculosus

SCBI238

-106.818

34.2043

New Mexico

1522.05

Sceloporus bimaculosus

SCBI239

-106.46

32.69269

New Mexico

1206.66

Sceloporus bimaculosus

SCBI240

-107.328

33.09709

New Mexico

1409.78
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33.31062

New Mexico

1383.54

Arizona

1271.78

894.11
1293.91
947.94

Sceloporus bimaculosus

SCBI241

-107.455

33.08361

New Mexico

1559.55

Sceloporus bimaculosus

SCBI242

Sceloporus bimaculosus

SCBI244

-106.88

34.355

New Mexico

1461.99

-110.077

32.06221

Arizona

1533.28

Sceloporus bimaculosus

SCBI246

-106.301

33.4933

New Mexico

1432.26

Sceloporus bimaculosus

SCBI247

-106.931

34.3478

New Mexico

1537.84

Sceloporus bimaculosus
Sceloporus bimaculosus

SCBI250

-107.052

34.3374

New Mexico

1551.9

SCBI251

-107.072

33.4522

New Mexico

1456.94

Sceloporus bimaculosus

SCBI252

-107.238

33.4482

New Mexico

1549.52

Sceloporus bimaculosus

SCBI254

-107.158

33.46742

New Mexico

1346.98

Sceloporus bimaculosus

SCBI255

-107.172

33.32487

New Mexico

1336.03

Sceloporus bimaculosus

SCBI256

-107.031

34.41917

New Mexico

1833.21

Sceloporus bimaculosus

SCBI257

-106.984

33.73148

New Mexico

1433.15

Sceloporus bimaculosus

SCBI259

-109.037

31.94979

New Mexico

1250.93

Sceloporus bimaculosus

SCBI264

-107.241

33.12409

New Mexico

1326.11

Sceloporus bimaculosus

SCBI265

-107.214

33.21806

New Mexico

1345.33

Sceloporus bimaculosus

SCBI270

-106.848

34.81911

New Mexico

1620.56

Sceloporus bimaculosus

SCBI272

-109.042

32.05955

New Mexico

1182.25

Sceloporus bimaculosus

SCBI273

-103.95

32.31184

New Mexico

908.96

Sceloporus bimaculosus

SCBI274

-103.607

29.30796

Texas

808.84

Sceloporus bimaculosus

SCBI333

-106.81

33.43921

New Mexico

1447.19

Sceloporus bimaculosus

SCBI341

-106.926

34.43136

New Mexico

1519.72

Sceloporus bimaculosus

SCBI345

-106.838

34.31146

New Mexico

1459.54

Sceloporus bimaculosus

SCBI347

-107.112

34.33144

New Mexico

1599.97

Sceloporus bimaculosus

SCBI349

-106.914

34.65907

New Mexico

1504.75

Sceloporus bimaculosus

SCBI350

-106.951

34.29507

New Mexico

1568.21

Sceloporus bimaculosus

SCBI359

-106.97

34.43148

New Mexico

1598.13

Sceloporus bimaculosus

SCBI365

-106.905

34.52591

New Mexico

1484.84

Sceloporus bimaculosus

SCBI378

-106.904

34.58709

New Mexico

1493.1

Sceloporus bimaculosus

SCBI384

-107.155

34.35018

New Mexico

1629.06

Sceloporus bimaculosus

SCBI394

-107.004

34.49536

New Mexico

1596.56

Sceloporus bimaculosus

SCBI400

-106.899

34.25535

New Mexico

1424.47

Sceloporus bimaculosus

SCBI418

-106.964

34.78038

New Mexico

1560.54

Sceloporus bimaculosus

SCBI425

-103.159

29.19187

Texas

1040.13

Sceloporus bimaculosus

SCBI437

-106.865

33.91778

New Mexico

1390.84

Sceloporus bimaculosus

SCBI447

-106.796

34.41784

New Mexico

1442.44

Sceloporus bimaculosus

SCBI448

-106.838

34.44171

New Mexico

1505.91

Sceloporus bimaculosus

SCBI450

-107.001

32.56266

New Mexico

1215.8

Sceloporus bimaculosus

SCBI457

-107.17

32.65618

New Mexico

1261.59

Sceloporus bimaculosus

SCBI461

-106.788

34.75932

New Mexico

1501.99

Sceloporus bimaculosus

SCBI464

-106.74

34.81029

New Mexico

1483.61

Sceloporus bimaculosus

SCBI468

-109.673

32.76397

Arizona

939.84

Sceloporus bimaculosus

SCBI469

-109.764

32.72004

Arizona

1129.95

Sceloporus bimaculosus

SCBI473

-106.977

34.32778

New Mexico

1511.41
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Sceloporus bimaculosus

SCBI474

-106.8

32.27

New Mexico

1183.26

Sceloporus bimaculosus

SCBI477

-106.778

32.41381

New Mexico

1301.19

Sceloporus bimaculosus

SCBI481

-107.286

32.93319

New Mexico

1282.82

Sceloporus bimaculosus

SCBI482

-106.922

34.02181

New Mexico

1501.99

Sceloporus bimaculosus

SCBI483

-107.292

32.89661

New Mexico

1287.76

Sceloporus bimaculosus

SCBI485

-106.778

32.31222

New Mexico

1192.23

Sceloporus bimaculosus

SCBI492

-106.997

34.2315

New Mexico

1645.21

Sceloporus bimaculosus

SCBI493

-107.186

33.54251

New Mexico

1542.14

Sceloporus bimaculosus

SCBI499

-106.907

34.30298

New Mexico

1458.3

Sceloporus bimaculosus

SCBI502

-106.785

34.80547

New Mexico

1570.98

Sceloporus bimaculosus

SCBI506

-106.977

34.01363

New Mexico

1675.36

Sceloporus bimaculosus

SCBI538

-103.039

29.3215

Texas

Sceloporus bimaculosus

SCBI570

-107.749

31.9498

New Mexico

1311.16

Sceloporus bimaculosus

SCBI576

-106.807

34.55164

New Mexico

1504.03

Sceloporus bimaculosus

SCBI599

-106.75

33.91773

New Mexico

1545.2

Sceloporus bimaculosus

SCBI600

-107.013

34.05826

New Mexico

1791.02

Sceloporus bimaculosus

SCBI601

-106.891

34.05833

New Mexico

1402.67

Sceloporus bimaculosus

SCBI611

-106.93

33.87717

New Mexico

1534.67

Sceloporus bimaculosus

SCBI613

-106.846

34.38981

New Mexico

1440

Sceloporus bimaculosus

SCBI615

-106.967

34.05

New Mexico

1804.02

Sceloporus bimaculosus

SCBI621

-106.395

31.79101

Texas

1196.75

Sceloporus bimaculosus

SCBI623

-106.804

32.53021

New Mexico

1324.95

Sceloporus bimaculosus

SCBI644

-109.872

32.70149

Arizona

3259.96

Sceloporus clarkii

SCCL01

-110.987

31.86053

Arizona

868.5

Sceloporus clarkii

SCCL020

-108.238

32.7546

Sceloporus clarkii

SCCL023

-110.992

Sceloporus clarkii

SCCL027

-111.897

Sceloporus clarkii

SCCL032

Sceloporus clarkii

884.95

New Mexico

1780.02

31.46873

Arizona

1041.54

34.82974

Arizona

1227.51

-111.842

34.61172

Arizona

967.37

SCCL036

-112.066

34.88153

Arizona

1115.04

Sceloporus clarkii

SCCL039

-110.395

31.81064

Arizona

1586.61

Sceloporus clarkii

SCCL042

-110.885

31.73913

Arizona

1363.79

Sceloporus clarkii

SCCL046

-108.204

33.18509

New Mexico

1691.71

Sceloporus clarkii

SCCL049

-110.721

31.54055

Arizona

Sceloporus clarkii

SCCL050

-108.782

33.41217

New Mexico

2042.35

Sceloporus clarkii

SCCL058

-112.393

34.52418

Arizona

1699.79

Sceloporus clarkii

SCCL070

-111.043

31.54759

Arizona

999.13

Sceloporus clarkii

SCCL071

-110.142

31.55007

Arizona

1234.96

Sceloporus clarkii

SCCL073

-112.583

34.47413

Arizona

1598.47

Sceloporus clarkii

SCCL076

-108.827

33.42072

New Mexico

1661.39

Sceloporus clarkii

SCCL090

-108.328

32.89321

New Mexico

1961.92

Sceloporus clarkii

SCCL093

-112.1

34.34255

Arizona

1132.73

Sceloporus clarkii

SCCL094

-107.427

33.52312

New Mexico

2072.66

Sceloporus clarkii

SCCL097

-108.68

33.7715

New Mexico

1877.82

115

1259.7

Sceloporus clarkii

SCCL098

-108.726

33.74063

New Mexico

1834.94

Sceloporus clarkii

SCCL106

-110.933

31.54801

Arizona

1208.07

Sceloporus clarkii

SCCL110

-107.974

32.58968

New Mexico

1597.97

Sceloporus clarkii

SCCL111

-109.035

31.87012

New Mexico

1250.65

Sceloporus clarkii

SCCL114

-108.294

33.1006

New Mexico

2013.5

Sceloporus clarkii

SCCL115

-108.249

32.81941

New Mexico

1952.22

Sceloporus clarkii

SCCL118

-110.997

31.3337

Arizona

1253.08

Sceloporus clarkii

SCCL123

-111.128

32.38205

Arizona

639.74

Sceloporus clarkii

SCCL125

-107.682

32.57082

New Mexico

Sceloporus clarkii

SCCL130

-111.201

32.27102

Arizona

804.47

Sceloporus clarkii

SCCL137

-112.496

34.57269

Arizona

1701.7

Sceloporus clarkii

SCCL139

-109.938

31.9605

Arizona

1400.63

Sceloporus clarkii

SCCL142

-110.351

31.83656

Arizona

1409.93

Sceloporus clarkii

SCCL146

-107.543

33.33753

New Mexico

1819.07

Sceloporus clarkii

SCCL155

-109.234

31.87682

Arizona

1804.35

Sceloporus clarkii

SCCL156

-110.112

31.37929

Arizona

1286.96

Sceloporus clarkii

SCCL157

-110.696

32.33521

Arizona

1324.19

Sceloporus clarkii

SCCL161

-111.809

34.87758

Arizona

1425.78

Sceloporus clarkii

SCCL175

-110.228

31.35047

Arizona

1521.99

Sceloporus clarkii

SCCL176

-111.034

31.76582

Arizona

912.67

Sceloporus clarkii

SCCL194

-110.851

32.26854

Arizona

754.01

Sceloporus clarkii

SCCL204

-109.963

31.91212

Arizona

1570.98

Sceloporus clarkii

SCCL206

-110.952

32.39314

Arizona

825.89

Sceloporus clarkii

SCCL215

-110.437

32.00887

Arizona

1256.9

Sceloporus clarkii

SCCL219

-110.973

31.76774

Arizona

973.65

Sceloporus clarkii

SCCL222

-111.948

34.89955

Arizona

1365.33

Sceloporus clarkii

SCCL223

-111.794

34.63244

Arizona

1055.82

Sceloporus clarkii

SCCL228

-110.774

32.23455

Arizona

792.07

Sceloporus clarkii

SCCL230

-111.356

33.41078

Arizona

975.22

Sceloporus clarkii

SCCL247

-109.711

32.69683

Arizona

1001.48

Sceloporus clarkii

SCCL250

-110.888

31.9759

Arizona

848.46

Sceloporus clarkii

SCCL253

-111.19

31.43063

Arizona

1220.34

Sceloporus clarkii

SCCL255

-111.771

34.83019

Arizona

1323.08

Sceloporus clarkii

SCCL256

-108.79

33.81631

New Mexico

2086.66

Sceloporus clarkii

SCCL260

-107.53

32.75276

New Mexico

1536.04

Sceloporus clarkii

SCCL261

-108.378

32.86332

New Mexico

1931.5

Sceloporus clarkii

SCCL266

-110.803

32.40028

Arizona

1924.05

Sceloporus clarkii

SCCL271

-112.297

34.43121

Arizona

1546.72

Sceloporus clarkii

SCCL272

-109.405

31.86739

Arizona

1669.96

Sceloporus clarkii

SCCL274

-110.868

31.77453

Arizona

1186.53

Sceloporus clarkii

SCCL277

-108.487

33.11347

New Mexico

1691.16

Sceloporus clarkii

SCCL279

-111.046

31.61259

Arizona

977.51

Sceloporus clarkii

SCCL281

-109.339

31.86398

Arizona

1867.15

116

1666.07

Sceloporus clarkii

SCCL283

-111.013

31.80755

Arizona

902.61

Sceloporus clarkii

SCCL285

-111.895

34.75269

Arizona

1079.67

Sceloporus clarkii

SCCL296

-111.324

31.57304

Arizona

1108.19

Sceloporus clarkii

SCCL304

-110.227

31.82199

Arizona

1139.64

Sceloporus clarkii

SCCL308

-111.823

34.82083

Arizona

1196.04

Sceloporus clarkii

SCCL310

-111.597

33.49393

Arizona

Sceloporus clarkii

SCCL312

-108.882

33.32043

New Mexico

1440.79

Sceloporus clarkii

SCCL313

-107.744

32.5929

New Mexico

2007.98

Sceloporus clarkii

SCCL315

-110.277

31.41508

Arizona

1760.1

Sceloporus clarkii

SCCL319

-111.851

34.91366

Arizona

1388.76

Sceloporus clarkii

SCCL320

-110.377

31.34101

Arizona

1580.17

Sceloporus clarkii

SCCL323

-110.202

31.7499

Arizona

1178.51

Sceloporus clarkii

SCCL326

-108.763

33.67632

New Mexico

1741.76

Sceloporus clarkii

SCCL329

-110.94

31.67338

Arizona

1321.49

Sceloporus clarkii

SCCL331

-110.669

31.99858

Arizona

1059.49

Sceloporus clarkii

SCCL332

-108.194

32.7834

Sceloporus clarkii

SCCL333

-112.017

34.76091

Arizona

1042.54

Sceloporus clarkii

SCCL335

-109.575

31.87586

Arizona

1378.43

Sceloporus clarkii

SCCL340

-109.882

31.41459

Arizona

1521.33

Sceloporus clarkii

SCCL344

-110.773

31.52663

Arizona

1211.11

Sceloporus clarkii

SCCL348

-111.034

32.31719

Arizona

680.41

Sceloporus clarkii

SCCL349

-111.109

31.5639

Arizona

1611.17

Sceloporus clarkii

SCCL350

-111.002

31.59215

Arizona

1066.81

Sceloporus clarkii

SCCL351

-108.768

33.59367

New Mexico

1940.29

Sceloporus clarkii

SCCL355

-109.088

31.33538

Arizona

1275.54

Sceloporus clarkii

SCCL357

-110.822

31.77904

Arizona

1366.52

Sceloporus clarkii

SCCL359

-107.572

32.91896

New Mexico

1607.33

Sceloporus clarkii

SCCL360

-111.031

32.16098

Arizona

779.42

Sceloporus clarkii

SCCL361

-111.481

34.00553

Arizona

1942.76

Sceloporus clarkii

SCCL362

-110.82

33.35534

Arizona

1199.22

Sceloporus clarkii

SCCL370

-108.842

33.37279

New Mexico

1570.12

Sceloporus clarkii

SCCL375

-110.301

31.56923

Arizona

Sceloporus clarkii

SCCL376

-107.531

33.18175

New Mexico

1607.32

Sceloporus clarkii

SCCL393

-110.449

31.42491

Arizona

1643.61

Sceloporus clarkii

SCCL399

-109.156

31.90419

Arizona

1486.37

Sceloporus clarkii

SCCL401

-112.367

34.56957

Arizona

1581.2

Sceloporus clarkii

SCCL415

-110.738

31.60438

Arizona

1349.81

Sceloporus clarkii

SCCL438

-112.69

32.04244

Arizona

1210.91

Sceloporus clarkii

SCCL446

-111.761

34.86974

Arizona

1326.04

Sceloporus clarkii

SCCL449

-108.59

32.92703

New Mexico

1364.25

Sceloporus clarkii

SCCL451

-108.571

32.8666

New Mexico

1426.39

Sceloporus clarkii

SCCL452

-110.976

32.22602

Arizona

Sceloporus clarkii

SCCL463

-108.302

32.74867

New Mexico

117

New Mexico

760.16

1835

1388.5

717.4
1819.25

Sceloporus clarkii

SCCL479

-111.153

32.2888

Arizona

935.32

Sceloporus clarkii

SCCL481

-111.736

34.92535

Arizona

1450.06

Sceloporus clarkii

SCCL494

-108.29

32.79189

New Mexico

1834.71

Sceloporus clarkii

SCCL499

-108.57

32.69133

New Mexico

1780.76

Sceloporus clarkii

SCCL521

-111.122

32.21786

Arizona

821.39

Sceloporus clarkii

SCCL522

-110.771

32.3264

Arizona

1047.97

Sceloporus clarkii

SCCL526

-110.73

32.2814

Arizona

837.32

Sceloporus clarkii

SCCL531

-110.21

31.88229

Arizona

1130.51

Sceloporus clarkii

SCCL536

-111.169

32.24412

Arizona

858.92

Sceloporus clarkii

SCCL543

-110.607

32.85301

Arizona

743.4

Sceloporus clarkii

SCCL548

-111.344

34.22974

Arizona

1487.33

Sceloporus clarkii

SCCL550

-110.338

31.622

Arizona

1333.7

Sceloporus clarkii

SCCL553

-110.266

31.46985

Arizona

1465.41

Sceloporus clarkii

SCCL565

-108.77

33.7456

New Mexico

1784.95

Sceloporus clarkii

SCCL570

-111.159

33.28032

Arizona

742.01

Sceloporus clarkii

SCCL571

-109.227

32.2676

Arizona

1106.16

Sceloporus clarkii

SCCL573

-111.762

34.77223

Arizona

1219.57

Sceloporus clarkii

SCCL574

-111.275

34.26613

Arizona

1475.56

Sceloporus clarkii

SCCL576

-110.68

32.40027

Arizona

2040.43

Sceloporus clarkii

SCCL580

-110.24

31.39026

Arizona

1572.69

Sceloporus clarkii

SCCL582

-112.545

34.39634

Arizona

1305.53

Sceloporus clarkii

SCCL597

-110.481

31.82475

Arizona

1488.97

Sceloporus clarkii

SCCL598

-110.696

32.16344

Arizona

1156.1

Sceloporus clarkii

SCCL599

-109.253

31.91063

Arizona

1980.36

Sceloporus clarkii

SCCL600

-109.183

31.87387

Arizona

1595.37

Sceloporus clarkii

SCCL601

-110.171

31.60577

Arizona

1226.89

Sceloporus clarkii

SCCL605

-109.354

31.76177

Arizona

1739.28

Sceloporus clarkii

SCCL615

-108.469

32.68616

New Mexico

1804.39

Sceloporus clarkii

SCCL621

-111.457

34.31961

Arizona

1365.19

Sceloporus clarkii

SCCL625

-110.609

32.15051

Arizona

1027.53

Sceloporus clarkii

SCCL631

-110.78

31.79929

Arizona

1459.87

Sceloporus clarkii

SCCL638

-108.456

32.53162

New Mexico

1891.69

Sceloporus clarkii

SCCL640

-110.917

32.42647

Arizona

821.99

Sceloporus clarkii

SCCL645

-110.876

31.4424

Arizona

1169.89

Sceloporus clarkii

SCCL647

-110.392

31.51129

Arizona

1760.63

Sceloporus clarkii

SCCL648

-110.643

31.78527

Arizona

1408.78

Sceloporus clarkii

SCCL651

-110.735

32.3935

Arizona

2194.72

Sceloporus clarkii

SCCL652

-110.32

32.463

Arizona

1229.47

Sceloporus clarkii

SCCL653

-110.851

32.32806

Arizona

915.26

Sceloporus clarkii

SCCL656

-110.243

31.56078

Arizona

1339.01

Sceloporus clarkii

SCCL668

-110.684

32.24206

Arizona

838.2

Sceloporus clarkii

SCCL669

-110.93

32.36008

Arizona

998.39

Sceloporus clarkii

SCCL670

-111.236

31.46262

Arizona

1271.16
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Sceloporus clarkii

SCCL671

-110.251

32.3796

Arizona

1317.82

Sceloporus clarkii

SCCL677

-112.135

34.18639

Arizona

1037.15

Sceloporus clarkii

SCCL682

-110.95

32.29119

Arizona

718.13

Sceloporus clarkii

SCCL713

-111.898

34.92099

Arizona

1627.59

Sceloporus clarkii

SCCL753

-107.493

33.14265

New Mexico

1676.74

Sceloporus clarkii

SCCL756

-111.96

33.88208

Arizona

Sceloporus clarkii

SCCL759

-109.04

31.81957

New Mexico

1262.74

Sceloporus clarkii

SCCL760

-108.315

32.851

New Mexico

2003.66

Sceloporus clarkii

SCCL789

-111.8

34.48238

Arizona

904.42

Sceloporus clarkii

SCCL791

-111.088

31.40394

Arizona

1174.89

Sceloporus clarkii

SCCL819

-110.733

33.0243

Arizona

608.8

Sceloporus clarkii

SCCL828

-110.208

31.43163

Arizona

1407.22

Sceloporus clarkii

SCCL829

-110.811

32.31406

Arizona

821.79

Sceloporus clarkii

SCCL832

-108.556

33.01503

New Mexico

1398.76

Sceloporus clarkii

SCCL837

-110.57

31.59949

Arizona

1532.42

Sceloporus clarkii

SCCL838

-110.848

31.49662

Arizona

1152.14

Sceloporus clarkii

SCCL841

-108.944

31.93507

New Mexico

Sceloporus clarkii

SCCL842

-110.361

31.46532

Arizona

1743.27

Sceloporus clarkii

SCCL843

-107.897

32.83382

New Mexico

1883.64

Sceloporus clarkii

SCCL845

-110.285

31.35028

Arizona

2005.76

Sceloporus clarkii

SCCL862

-111.013

32.1066

Arizona

765.56

Sceloporus clarkii

SCCL865

-111.152

31.40783

Arizona

1439.97

Sceloporus clarkii

SCCL873

-111.52

31.75675

Arizona

1123.51

Sceloporus clarkii

SCCL876

-111.123

31.44417

Arizona

1508.67

Sceloporus clarkii

SCCL878

-108.45

33.1486

New Mexico

2036.78

Sceloporus clarkii

SCCL882

-111.196

31.47424

Arizona

1330.51

Sceloporus clarkii

SCCL885

-111.127

32.3185

Arizona

751.82

Sceloporus clarkii

SCCL892

-110.828

31.39847

Arizona

1188.31

Sceloporus clarkii

SCCL894

-110.636

31.34657

Arizona

1462

Sceloporus clarkii

SCCL895

-110.772

31.35346

Arizona

1346.28

Sceloporus clarkii

SCCL898

-110.856

31.34961

Arizona

1159.42

Sceloporus clarkii

SCCL905

-110.31

31.44667

Arizona

1720.02

Sceloporus clarkii

SCCL921

-111.663

34.88797

Arizona

1939.17

Sceloporus clarkii

SCCL926

-110.242

31.51457

Arizona

1381.77

Sceloporus clarkii

SCCL947

-110.615

31.99541

Arizona

1079.13

Sceloporus clarkii

SCCL956

-111.015

32.25957

Arizona

698.44

Sceloporus clarkii

SCCL966

-111.053

32.27694

Arizona

725.35

Sceloporus clarkii

SCCL968

-108.529

32.65345

New Mexico

Sceloporus clarkii

SCCL969

-112.722

32.06788

Arizona

708.5

Sceloporus clarkii

SCCL974

-111.243

31.39919

Arizona

1081.31

Sceloporus clarkii

SCCL982

-108.976

32.09505

New Mexico

1383.75

Sceloporus clarkii

SCCL983

-109.022

32.36237

New Mexico

1428.55

Sceloporus clarkii

SCCL993

-111.076

32.22896

Arizona

119

683.75

1317.5

1801.24

852.85

Sceloporus cowlesi

SCCO08

-104.077

30.95834

Texas

1567.21

Sceloporus cowlesi

SCCO20

-106.533

35.02237

New Mexico

1628.97

Sceloporus cowlesi

SCCO25

-103.554

30.04402

Texas

1327.59

Sceloporus cowlesi

SCCO30

-106.421

35.3085

New Mexico

1829.55

Sceloporus cowlesi

SCCO31

-106.663

35.23266

New Mexico

1606.84

Sceloporus cowlesi

SCCO34

-106.753

35.04945

New Mexico

1605.63

Sceloporus cowlesi

SCCO37

-106.453

35.02884

New Mexico

1967.3

Sceloporus cowlesi

SCCO40

-106.575

35.16982

New Mexico

1604.6

Sceloporus cowlesi

SCCO41

-106.844

33.94878

New Mexico

1390

Sceloporus cowlesi

SCCO49

-108.517

35.01258

New Mexico

2174.75

Sceloporus cowlesi

SCCO55

-106.655

35.34583

New Mexico

1717.8

Sceloporus cowlesi

SCCO69

-106.361

34.99739

New Mexico

2285.9

Sceloporus cowlesi

SCCO76

-106.643

35.19946

New Mexico

1523.53

Sceloporus cowlesi

SCCO81

-106.82

35.50758

New Mexico

1726.34

Sceloporus cowlesi

SCCO92

-106.406

35.21401

New Mexico

2642.07

Sceloporus cowlesi

SCCO103

-107.131

34.02338

New Mexico

2068.93

Sceloporus cowlesi

SCCO104

-106.829

32.27767

New Mexico

1183.06

Sceloporus cowlesi

SCCO107

-104.864

31.9231

Texas

2367.87

Sceloporus cowlesi

SCCO112

-105.685

33.34569

New Mexico

2168.21

Sceloporus cowlesi

SCCO116

-107.526

33.87734

New Mexico

2565.96

Sceloporus cowlesi

SCCO120

-106.681

35.00835

New Mexico

1501.64

Sceloporus cowlesi

SCCO122

-106.097

35.89914

New Mexico

1710.07

Sceloporus cowlesi

SCCO130

-102.932

30.48237

Texas

1373.26

Sceloporus cowlesi

SCCO141

-105.247

35.34191

New Mexico

1762.02

Sceloporus cowlesi

SCCO144

-106.489

35.10061

New Mexico

1831.76

Sceloporus cowlesi

SCCO145

-106.297

34.59521

New Mexico

2029.2

Sceloporus cowlesi

SCCO154

-105.935

35.52641

New Mexico

2035

Sceloporus cowlesi

SCCO155

-104.775

33.40928

New Mexico

1234.24

Sceloporus cowlesi

SCCO157

-106.598

35.01689

New Mexico

1571.94

Sceloporus cowlesi

SCCO161

-109.803

32.00488

Arizona

1277.45

Sceloporus cowlesi

SCCO163

-108.11

35.29215

New Mexico

2287.14

Sceloporus cowlesi

SCCO180

-106.474

35.2164

New Mexico

2389.23

Sceloporus cowlesi

SCCO183

-106.418

35.16857

New Mexico

2672.91

Sceloporus cowlesi

SCCO185

-106.584

35.11725

New Mexico

1592.81

Sceloporus cowlesi

SCCO187

-110.077

31.44797

Arizona

1319.07

Sceloporus cowlesi

SCCO192

-106.63

32.22744

New Mexico

1324.43

Sceloporus cowlesi

SCCO194

-105.338

35.26078

New Mexico

1825.13

Sceloporus cowlesi

SCCO197

-104.466

32.11137

New Mexico

1106.74

Sceloporus cowlesi

SCCO200

-104.278

32.44136

New Mexico

1056.36

Sceloporus cowlesi

SCCO204

-108.681

33.77102

New Mexico

1877.41

Sceloporus cowlesi

SCCO205

-108.726

33.74033

New Mexico

1830.59

Sceloporus cowlesi

SCCO209

-104.365

32.54315

New Mexico

976.53

Sceloporus cowlesi

SCCO211

-106.253

35.16992

New Mexico

2126.6
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Sceloporus cowlesi

SCCO213

-106.634

35.15883

New Mexico

1520.28

Sceloporus cowlesi

SCCO219

-107.914

32.81173

New Mexico

1750.48

Sceloporus cowlesi

SCCO220

-105.827

32.93939

New Mexico

2044.09

Sceloporus cowlesi

SCCO222

-110.178

31.57655

Arizona

1283.09

Sceloporus cowlesi

SCCO229

-103.836

30.54101

Texas

1539.25

Sceloporus cowlesi

SCCO230

-107.974

32.58836

New Mexico

1593.51

Sceloporus cowlesi

SCCO235

-107.931

32.92589

New Mexico

2198.94

Sceloporus cowlesi

SCCO237

-105.783

34.178

New Mexico

2202.22

Sceloporus cowlesi

SCCO247

-104.443

32.17594

New Mexico

1335.72

Sceloporus cowlesi

SCCO250

-105.597

34.25613

New Mexico

2040.37

Sceloporus cowlesi

SCCO251

-103.137

30.32309

Texas

1332.74

Sceloporus cowlesi

SCCO252

-104.138

30.63439

Texas

1888.6

Sceloporus cowlesi

SCCO261

-106.372

35.16477

New Mexico

2188.12

Sceloporus cowlesi

SCCO263

-106.272

35.13622

New Mexico

2111.26

Sceloporus cowlesi

SCCO276

-107.903

34.15673

New Mexico

2639.97

Sceloporus cowlesi

SCCO287

-106.316

34.96014

New Mexico

2259.17

Sceloporus cowlesi

SCCO295

-106.478

32.38554

New Mexico

1293.07

Sceloporus cowlesi

SCCO298

-109.868

32.26694

Arizona

1275.84

Sceloporus cowlesi

SCCO300

-106.601

32.4258

New Mexico

1545.45

Sceloporus cowlesi

SCCO308

-106.173

32.7796

New Mexico

1218.49

Sceloporus cowlesi

SCCO310

-106.544

35.35142

New Mexico

1549.57

Sceloporus cowlesi

SCCO311

-109.804

32.31687

Arizona

1294.67

Sceloporus cowlesi

SCCO313

-109.923

32.2003

Arizona

1275.41

Sceloporus cowlesi

SCCO314

-109.931

32.2502

Arizona

1297.67

Sceloporus cowlesi

SCCO315

-109.879

32.35787

Arizona

1294.03

Sceloporus cowlesi

SCCO317

-109.985

32.32171

Arizona

1371.88

Sceloporus cowlesi

SCCO322

-105.45

34.9604

New Mexico

1978.96

Sceloporus cowlesi

SCCO323

-108.875

34.13763

New Mexico

2347.58

Sceloporus cowlesi

SCCO327

-106.271

32.81933

New Mexico

1208.81

Sceloporus cowlesi

SCCO330

-105.925

33.68454

New Mexico

1591.52

Sceloporus cowlesi

SCCO331

-106.326

32.78724

New Mexico

1200.97

Sceloporus cowlesi

SCCO335

-109.035

31.86992

New Mexico

1250.54

Sceloporus cowlesi

SCCO336

-106.783

32.3091

New Mexico

1186.16

Sceloporus cowlesi

SCCO345

-106.371

35.12237

New Mexico

2054.63

Sceloporus cowlesi

SCCO351

-110.205

31.75456

Arizona

1167.59

Sceloporus cowlesi

SCCO352

-103.244

30.2048

Texas

1236.02

Sceloporus cowlesi

SCCO355

-107.304

32.86982

New Mexico

Sceloporus cowlesi

SCCO356

-104.833

31.99522

Texas

1909.86

Sceloporus cowlesi

SCCO361

-107.73

32.91363

New Mexico

1995.16

Sceloporus cowlesi

SCCO373

-106.502

34.97232

New Mexico

1719.89

Sceloporus cowlesi

SCCO384

-106.261

34.52144

New Mexico

1997.15

Sceloporus cowlesi

SCCO390

-104.802

31.90653

Texas

1688.54

Sceloporus cowlesi

SCCO397

-106.432

35.06628

New Mexico

1819.02
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Sceloporus cowlesi

SCCO402

-106.563

35.07565

New Mexico

1628.77

Sceloporus cowlesi

SCCO405

-106.599

35.27913

New Mexico

1533.69

Sceloporus cowlesi

SCCO408

-104.504

32.16594

New Mexico

1379.96

Sceloporus cowlesi

SCCO415

-110.65

31.60448

Arizona

1618.67

Sceloporus cowlesi

SCCO418

-105.993

35.59228

New Mexico

2013.71

Sceloporus cowlesi

SCCO421

-105.219

32.89382

New Mexico

1639.39

Sceloporus cowlesi

SCCO426

-106.289

34.3987

New Mexico

2018.21

Sceloporus cowlesi

SCCO429

-106.752

35.19604

New Mexico

1694.64

Sceloporus cowlesi

SCCO430

-106.533

35.10886

New Mexico

1674.74

Sceloporus cowlesi

SCCO434

-106.657

35.11965

New Mexico

1514.14

Sceloporus cowlesi

SCCO441

-106.702

35.1188

New Mexico

1555.59

Sceloporus cowlesi

SCCO444

-106.666

35.04864

New Mexico

1505.3

Sceloporus cowlesi

SCCO466

-106.91

34.06103

New Mexico

1433.87

Sceloporus cowlesi

SCCO468

-108.171

32.95349

New Mexico

2188.13

Sceloporus cowlesi

SCCO471

-108.723

35.50948

New Mexico

2052.36

Sceloporus cowlesi

SCCO473

-106.623

35.09588

New Mexico

1564.22

Sceloporus cowlesi

SCCO474

-107.972

32.84799

New Mexico

1807.77

Sceloporus cowlesi

SCCO475

-106.209

35.4617

New Mexico

1720.72

Sceloporus cowlesi

SCCO476

-106.504

35.05762

New Mexico

1686.52

Sceloporus cowlesi

SCCO483

-108.778

35.40613

New Mexico

2129.56

Sceloporus cowlesi

SCCO496

-103.566

30.23413

Texas

1587.29

Sceloporus cowlesi

SCCO498

-106.363

34.67084

New Mexico

2197.53

Sceloporus cowlesi

SCCO501

-103.894

30.60104

Texas

1548.54

Sceloporus cowlesi

SCCO503

-104.065

30.53435

Texas

1669.24

Sceloporus cowlesi

SCCO508

-106.47

35.33386

New Mexico

1678.2

Sceloporus cowlesi

SCCO515

-108.896

33.62512

New Mexico

1784.63

Sceloporus cowlesi

SCCO520

-105.886

35.71997

New Mexico

2430.15

Sceloporus cowlesi

SCCO527

-110.085

31.78389

Arizona

1342.28

Sceloporus cowlesi

SCCO535

-108.469

32.68618

New Mexico

1804.2

Sceloporus cowlesi

SCCO541

-107.41

33.57937

New Mexico

2337.69

Sceloporus cowlesi

SCCO543

-106.418

35.34482

New Mexico

1803.76

Sceloporus cowlesi

SCCO544

-106.796

35.20874

New Mexico

1777.01

Sceloporus cowlesi

SCCO548

-106.418

35.26755

New Mexico

2188.1

Sceloporus cowlesi

SCCO552

-107.914

35.15175

New Mexico

2030.93

Sceloporus cowlesi

SCCO558

-105.485

33.48422

New Mexico

1988.01

Sceloporus cowlesi

SCCO559

-106.604

35.22188

New Mexico

1527.59

Sceloporus cowlesi

SCCO561

-105.991

35.72522

New Mexico

2127.09

Sceloporus cowlesi

SCCO563

-107.822

34.94305

New Mexico

2107.15

Sceloporus cowlesi

SCCO564

-104.767

32.02757

New Mexico

2175.95

Sceloporus cowlesi

SCCO565

-108.085

34.99175

New Mexico

2401.84

Sceloporus cowlesi

SCCO576

-106.734

34.33197

New Mexico

1610.12

Sceloporus cowlesi

SCCO579

-106.684

35.16923

New Mexico

1548.94

Sceloporus cowlesi

SCCO580

-106.479

35.28734

New Mexico

1807.62
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Sceloporus cowlesi

SCCO585

-110

31.51594

Arizona

1493.38

Sceloporus cowlesi

SCCO589

-106.312

35.10603

New Mexico

2097.93

Sceloporus cowlesi

SCCO593

-105.936

35.74619

New Mexico

2137.17

Sceloporus cowlesi

SCCO594

-103.861

30.78021

Texas

1575.24

Sceloporus cowlesi

SCCO595

-104.575

31.34217

Texas

1327.85

Sceloporus cowlesi

SCCO596

-104.534

31.22356

Texas

1369.76

Sceloporus cowlesi

SCCO597

-105.904

35.67295

New Mexico

2264.64

Sceloporus cowlesi

SCCO600

-104.624

32.00284

New Mexico

1330.19

Sceloporus cowlesi

SCCO602

-110.371

31.89481

Arizona

1438.77

Sceloporus cowlesi

SCCO604

-106.607

34.30223

New Mexico

1902.13

Sceloporus cowlesi

SCCO608

-107.999

35.11007

New Mexico

2277.97

Sceloporus cowlesi

SCCO611

-108.487

33.41301

New Mexico

2218.86

Sceloporus cowlesi

SCCO615

-106.318

35.16838

New Mexico

2013.86

Sceloporus cowlesi

SCCO621

-107.959

35.21203

New Mexico

2075.37

Sceloporus cowlesi

SCCO635

-107.895

33.4134

New Mexico

2316.14

Sceloporus cowlesi

SCCO637

-106.518

35.16528

New Mexico

1769.74

Sceloporus cowlesi

SCCO640

-106.779

35.37718

New Mexico

1869.62

Sceloporus cowlesi

SCCO646

-109.087

33.6839

Arizona

1971.57

Sceloporus cowlesi

SCCO648

-106.023

35.63106

New Mexico

1988.86

Sceloporus cowlesi

SCCO649

-106.746

34.6608

New Mexico

1465.03

Sceloporus cowlesi

SCCO658

-103.287

30.15247

Texas

1180.36

Sceloporus cowlesi

SCCO660

-109.385

33.67851

Arizona

2489.88

Sceloporus cowlesi

SCCO661

-106.454

35.12632

New Mexico

2406.31

Sceloporus cowlesi

SCCO665

-106.674

35.08619

New Mexico

1509.26

Sceloporus cowlesi

SCCO666

-105.654

33.37293

New Mexico

2153.59

Sceloporus cowlesi

SCCO668

-105.936

34.58653

New Mexico

1856.72

Sceloporus cowlesi

SCCO670

-108.284

33.23663

New Mexico

1776.91

Sceloporus cowlesi

SCCO676

-107.858

34.15332

New Mexico

2267.12

Sceloporus cowlesi

SCCO677

-106.209

35.21616

New Mexico

2269.56

Sceloporus cowlesi

SCCO681

-106.717

34.80276

New Mexico

1478.96

Sceloporus cowlesi

SCCO688

-101.801

30.44831

Texas

Sceloporus cowlesi

SCCO689

-105.706

33.30543

New Mexico

2194.98

Sceloporus cowlesi

SCCO692

-105.229

35.62843

New Mexico

2010.28

Sceloporus cowlesi

SCCO693

-105.343

35.82686

New Mexico

2313.53

Sceloporus cowlesi

SCCO695

-102.863

30.91894

Texas

889.35

Sceloporus cowlesi

SCCO696

-108.59

32.92707

New Mexico

1364.2

Sceloporus cowlesi

SCCO697

-105.883

32.95514

New Mexico

1711.57

Sceloporus cowlesi

SCCO701

-106.856

32.39018

New Mexico

1200.38

Sceloporus cowlesi

SCCO703

-105.985

35.65964

New Mexico

2057.86

Sceloporus cowlesi

SCCO704

-106.529

31.98458

Texas

1364.96

Sceloporus cowlesi

SCCO718

-106.686

34.97139

New Mexico

1496.74

Sceloporus cowlesi

SCCO720

-106.705

35.21312

New Mexico

1626.21

Sceloporus cowlesi

SCCO724

-106.466

35.16986

New Mexico

2000.89
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624.11

Sceloporus cowlesi

SCCO730

-106.743

35.15361

New Mexico

1665.85

Sceloporus cowlesi
Sceloporus cowlesi

SCCO736

-105.14

33.35053

New Mexico

1521.07

SCCO738

-104.392

34.61446

New Mexico

1312.33

Sceloporus cowlesi

SCCO747

-104.143

30.67089

Texas

1862.49

Sceloporus cowlesi

SCCO748

-106.409

35.66791

New Mexico

1865.3

Sceloporus cowlesi

SCCO749

-106.094

34.25897

New Mexico

1976.28

Sceloporus cowlesi

SCCO750

-106.273

35.05832

New Mexico

2131.24

Sceloporus cowlesi

SCCO752

-106.748

32.28656

New Mexico

1209.45

Sceloporus cowlesi

SCCO761

-103.761

30.95258

Texas

994.85

Sceloporus cowlesi

SCCO762

-104.187

30.61848

Texas

2000.66

Sceloporus cowlesi

SCCO765

-103.936

30.59499

Texas

1531.53

Sceloporus cowlesi

SCCO767

-105.934

35.64354

New Mexico

2142.1

Sceloporus cowlesi

SCCO770

-105.664

33.44689

New Mexico

2103.26

Sceloporus cowlesi

SCCO772

-106.375

35.03364

New Mexico

2073.65

Sceloporus cowlesi

SCCO774

-103.441

31.16557

Texas

842.6

Sceloporus cowlesi

SCCO775

-103.166

31.18687

Texas

815.95

Sceloporus cowlesi

SCCO778

-110.555

31.55906

Arizona

1560.43

Sceloporus cowlesi

SCCO780

-110.181

31.47704

Arizona

1329.48

Sceloporus cowlesi

SCCO781

-108.935

33.73266

New Mexico

2379.8

Sceloporus cowlesi

SCCO782

-109.002

34.03859

New Mexico

2481.84

Sceloporus cowlesi

SCCO785

-108.013

35.2021

New Mexico

2183.82

Sceloporus cowlesi

SCCO786

-108.232

33.24851

New Mexico

1743.4

Sceloporus cowlesi

SCCO787

-109.006

33.82689

New Mexico

2282.22

Sceloporus cowlesi

SCCO795

-105.878

33.64786

New Mexico

1649.67

Sceloporus cowlesi

SCCO796

-106.311

35.82426

New Mexico

2192.37

Sceloporus cowlesi

SCCO797

-106.312

35.21232

New Mexico

1982.64

Sceloporus cowlesi

SCCO798

-106.891

33.80454

New Mexico

1378.76

Sceloporus cowlesi

SCCO799

-106.104

35.54081

New Mexico

1858.88

Sceloporus cowlesi

SCCO800

-106.6

34.34481

New Mexico

1969.04

Sceloporus cowlesi

SCCO819

-108.771

33.74245

New Mexico

1779.11

Sceloporus cowlesi

SCCO821

-108.034

33.18395

New Mexico

2049.19

Sceloporus cowlesi

SCCO824

-108.618

33.55029

New Mexico

2190.85

Sceloporus cowlesi

SCCO827

-109.698

31.52642

Arizona

1244.42

Sceloporus cowlesi

SCCO828

-109.996

31.8885

Arizona

1792.48

Sceloporus cowlesi

SCCO833

-106.311

35.63425

New Mexico

1631.83

Sceloporus cowlesi

SCCO834

-104.565

32.11364

New Mexico

1292.31

Sceloporus cowlesi

SCCO840

-106.775

35.01649

New Mexico

1667.56

Sceloporus cowlesi

SCCO843

-106.245

35.10571

New Mexico

2060.57

Sceloporus cowlesi

SCCO845

-105.976

33.69542

New Mexico

1633.22

Sceloporus cowlesi

SCCO847

-110.239

31.50878

Arizona

Sceloporus cowlesi

SCCO849

-106.333

34.4559

New Mexico

1873.49

Sceloporus cowlesi

SCCO854

-106.284

35.78693

New Mexico

1881.33

Sceloporus cowlesi

SCCO857

-105.69

33.51789

New Mexico

2159.3
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1381.7

Sceloporus cowlesi

SCCO858

-106.213

32.79174

New Mexico

1219.86

Sceloporus cowlesi

SCCO860

-105.735

35.56194

New Mexico

2190.45

Sceloporus cowlesi

SCCO865

-105.177

32.8837

New Mexico

1611.98

Sceloporus cowlesi

SCCO869

-107.889

34.86925

New Mexico

2175.71

Sceloporus cowlesi

SCCO875

-105.689

35.54959

New Mexico

2110.45

Sceloporus cowlesi

SCCO877

-103.884

30.56535

Texas

1497.82

Sceloporus cowlesi

SCCO883

-109.009

32.20008

New Mexico

1390.77

Sceloporus cowlesi

SCCO885

-106.742

35.31285

New Mexico

1771.89

Sceloporus cowlesi

SCCO886

-109.024

34.19348

Arizona

2292.43

Sceloporus cowlesi

SCCO889

-103.687

30.35383

Texas

1387.61

Sceloporus cowlesi

SCCO910

-105.443

35.64882

New Mexico

2235.14

Sceloporus cowlesi

SCCO915

-107.797

33.12227

New Mexico

2511.54

Sceloporus cowlesi

SCCO917

-106.813

32.3469

New Mexico

1192.23

Sceloporus cowlesi

SCCO921

-105.742

32.95731

New Mexico

2642.25

Sceloporus cowlesi

SCCO923

-105.906

35.48268

New Mexico

2000.09

Sceloporus cowlesi

SCCO927

-106.548

35.30988

New Mexico

1541

Sceloporus cowlesi

SCCO935

-106.224

31.82358

Texas

1226.62

Sceloporus cowlesi

SCCO943

-106.36

35.81717

New Mexico

2249.76

Sceloporus cowlesi

SCCO948

-104.022

30.67158

Texas

2064.55

Sceloporus cowlesi

SCCO951

-104.782

31.95684

Texas

2178.24

Sceloporus cowlesi

SCCO953

-110.745

31.58292

Arizona

1341.37

Sceloporus cowlesi

SCCO955

-101.788

30.48793

Texas

Sceloporus cowlesi

SCCO956

-106.256

35.68949

New Mexico

1961.17

Sceloporus cowlesi

SCCO957

-105.319

35.9946

New Mexico

2208.46

Sceloporus cowlesi

SCCO967

-107.842

32.8917

New Mexico

2039.17

Sceloporus cowlesi

SCCO969

-107.103

33.07979

New Mexico

1510.44

Sceloporus cowlesi

SCCO972

-110.673

31.64162

Arizona

1519.15

Sceloporus cowlesi

SCCO973

-110.78

31.64381

Arizona

1475.96

Sceloporus cowlesi

SCCO976

-106.925

32.49693

New Mexico

1208.88

Sceloporus cowlesi

SCCO982

-105.951

35.69072

New Mexico

2109.05

Sceloporus cowlesi

SCCO986

-104.101

30.70583

Texas

1792.75

Sceloporus cowlesi

SCCO988

-105.721

34.18528

New Mexico

Sceloporus cowlesi

SCCO996

-104.199

30.90031

Texas

1561.39

Sceloporus cowlesi

SCCO997

-104.052

30.9195

Texas

1492.56

Sceloporus cowlesi

SCCO999

-110.35

31.85375

Arizona

1439.07

Sceloporus cowlesi

SCCO1000

-110.148

31.4419

Arizona

1319.07

Sceloporus jarrovii

SCJA01

-109.324

31.92332

Arizona

2107.32

Sceloporus jarrovii

SCJA05

-109.965

31.95182

Arizona

1559.56

Sceloporus jarrovii

SCJA020

-108.264

31.53049

New Mexico

1389.04

Sceloporus jarrovii

SCJA038

-110.347

32.61702

Arizona

1739.6

Sceloporus jarrovii

SCJA075

-110.263

31.4902

Arizona

1436.15

Sceloporus jarrovii

SCJA096

-110.293

32.62615

Arizona

2244.87

Sceloporus jarrovii

SCJA109

-109.382

31.92981

Arizona

1983.81
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767.6

2198.9

Sceloporus jarrovii

SCJA110

-110.342

31.50448

Arizona

1651.28

Sceloporus jarrovii

SCJA112

-110.301

31.52353

Arizona

1441.2

Sceloporus jarrovii

SCJA113

-108.365

32.94288

New Mexico

Sceloporus jarrovii

SCJA125

-110.243

31.42418

Arizona

1495.44

Sceloporus jarrovii

SCJA135

-110.906

31.78828

Arizona

1076.21

Sceloporus jarrovii

SCJA142

-110.29

31.40597

Arizona

1999.89

Sceloporus jarrovii

SCJA152

-109.234

31.87164

Arizona

1768.39

Sceloporus jarrovii

SCJA154

-110.202

31.4439

Arizona

1381.91

Sceloporus jarrovii

SCJA165

-109.898

32.68637

Arizona

2757.67

Sceloporus jarrovii

SCJA173

-109.954

32.70989

Arizona

2802.14

Sceloporus jarrovii

SCJA177

-110.258

31.38032

Arizona

1738.85

Sceloporus jarrovii

SCJA211

-109.192

31.93319

New Mexico

1638.81

Sceloporus jarrovii

SCJA212

-109.964

31.91102

Arizona

1591.87

Sceloporus jarrovii

SCJA215

-110.404

31.4352

Arizona

1775.65

Sceloporus jarrovii

SCJA225

-110.84

31.78702

Arizona

1244.41

Sceloporus jarrovii

SCJA227

-109.338

31.86415

Arizona

1878.12

Sceloporus jarrovii

SCJA232

-110.98

31.79179

Arizona

944.25

Sceloporus jarrovii

SCJA237

-108.293

33.16977

New Mexico

2214.42

Sceloporus jarrovii

SCJA243

-109.312

32.00263

Arizona

1971.37

Sceloporus jarrovii

SCJA290

-109.88

32.74192

Arizona

1936.98

Sceloporus jarrovii

SCJA300

-110.032

32.73881

Arizona

2549.19

Sceloporus jarrovii

SCJA302

-110.447

31.44451

Arizona

1676.4

Sceloporus jarrovii

SCJA303

-110.337

31.39644

Arizona

1899.4

Sceloporus jarrovii

SCJA306

-109.351

32.01769

Arizona

1668.91

Sceloporus jarrovii

SCJA323

-109.233

31.9952

Arizona

1515.7

Sceloporus jarrovii

SCJA325

-109.285

31.97015

Arizona

2110.19

Sceloporus jarrovii

SCJA328

-109.28

31.88081

Arizona

2763.86

Sceloporus jarrovii

SCJA356

-109.318

32.15973

Arizona

1323.07

Sceloporus jarrovii

SCJA379

-109.302

31.78517

Arizona

1876.84

Sceloporus jarrovii

SCJA399

-110.844

31.70605

Arizona

2738.33

Sceloporus jarrovii

SCJA412

-111.361

32.04828

Arizona

793.43

Sceloporus jarrovii

SCJA437

-110.845

31.74444

Arizona

1730.21

Sceloporus jarrovii

SCJA455

-109.167

31.89202

Arizona

1528.54

Sceloporus jarrovii

SCJA485

-109.059

31.52879

Arizona

1691.28

Sceloporus jarrovii

SCJA486

-110.011

31.89006

Arizona

1577.29

Sceloporus jarrovii

SCJA517

-109.114

31.87786

Arizona

1420.81

Sceloporus jarrovii

SCJA571

-109.188

31.99306

Arizona

1640.95

Sceloporus jarrovii

SCJA573

-110.567

31.65524

Arizona

1486.48

Sceloporus jarrovii

SCJA576

-110.886

31.67827

Arizona

2072.92

Sceloporus jarrovii

SCJA630

-110.675

32.38667

Arizona

2043.46

Sceloporus jarrovii

SCJA634

-109.821

32.63052

Arizona

2297.36

Sceloporus jarrovii

SCJA664

-110.29

31.46244

Arizona

1548.79

Sceloporus jarrovii

SCJA669

-109.85

32.59137

Arizona

1737.51
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1756

Sceloporus jarrovii

SCJA670

-109.31

31.82475

Arizona

2794.65

Sceloporus jarrovii

SCJA676

-108.614

31.42408

New Mexico

1573.78

Sceloporus jarrovii

SCJA690

-109.86

32.65633

Arizona

2763.87

Sceloporus jarrovii

SCJA692

-110.882

31.72563

Arizona

1518.76

Sceloporus jarrovii

SCJA728

-110.321

31.43153

Arizona

1967.02

Sceloporus jarrovii

SCJA740

-110.851

31.59262

Arizona

1635.93

Sceloporus jarrovii

SCJA767

-110.481

31.56718

Arizona

1480.36

Sceloporus jarrovii

SCJA768

-110.43

31.50588

Arizona

1875.99

Sceloporus jarrovii

SCJA772

-110.08

32.04636

Arizona

1449.56

Sceloporus jarrovii

SCJA808

-110.486

32.14779

Arizona

1304.77

Sceloporus jarrovii

SCJA813

-109.194

31.85921

Arizona

1910.8

Sceloporus jarrovii

SCJA814

-111.6

31.95989

Arizona

2058.04

Sceloporus jarrovii

SCJA826

-110.781

31.38504

Arizona

1322.38

Sceloporus jarrovii

SCJA832

-110.979

31.68546

Arizona

1141.59

Sceloporus jarrovii

SCJA834

-110.692

31.37894

Arizona

1668.69

Sceloporus jarrovii

SCJA841

-109.277

31.91899

Arizona

2552.75

Sceloporus jarrovii

SCJA849

-110.357

31.46704

Arizona

1684.7

Sceloporus jarrovii

SCJA891

-111.573

31.86722

Arizona

1223.34

Sceloporus jarrovii

SCJA892

-111.45

31.83676

Arizona

957.2

Sceloporus jarrovii

SCJA930

-109.234

31.91508

Arizona

1795.78

Sceloporus jarrovii

SCJA945

-109.95

31.82846

Arizona

1663.61

Sceloporus jarrovii

SCJA959

-109.261

31.76439

Arizona

1850.31

Sceloporus jarrovii

SCJA992

-109.374

31.98326

Arizona

1622.83

Sceloporus jarrovii

SCJA993

-110.551

31.54183

Arizona

1616.81

Sceloporus jarrovii

SCJA997

-110.4

31.47328

Arizona

2277.6

Sceloporus jarrovii

SCJA998

-110.957

31.72724

Arizona

1081.51

Sceloporus jarrovii

SCJACL01

-109.038

31.51035

New Mexico

1783

Sceloporus jarrovii

SCJACL02

-108.779

31.61078

New Mexico

1776

Sceloporus jarrovii

SCJACL03

-108.78

31.58199

New Mexico

2513

Sceloporus poinsettii

SCPO042

-107.973

32.59315

New Mexico

1617.27

Sceloporus poinsettii

SCPO044

-108.175

32.80293

New Mexico

1902.56

Sceloporus poinsettii

SCPO046

-107.333

34.10466

New Mexico

2068.89

Sceloporus poinsettii

SCPO053

-108.272

33.22729

New Mexico

1852.37

Sceloporus poinsettii

SCPO055

-107.893

32.89748

New Mexico

2208.93

Sceloporus poinsettii

SCPO092

-107.399

34.00657

New Mexico

2106.41

Sceloporus poinsettii

SCPO100

-108.716

33.26646

New Mexico

2573.05

Sceloporus poinsettii

SCPO103

-107.717

33.34269

New Mexico

1969.79

Sceloporus poinsettii

SCPO107

-108.553

33.44004

New Mexico

2401.74

Sceloporus poinsettii

SCPO155

-108.316

33.27532

New Mexico

2146.84

Sceloporus poinsettii

SCPO158

-107.145

34.00198

New Mexico

2300.03

Sceloporus poinsettii

SCPO174

-107.349

34.18119

New Mexico

2087.73

Sceloporus poinsettii

SCPO175

-107.392

34.17101

New Mexico

2210

Sceloporus poinsettii

SCPO176

-107.29

34.0803

New Mexico

2067.95
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Sceloporus poinsettii

SCPO183

-108.3

32.84732

New Mexico

2275.68

Sceloporus poinsettii

SCPO189

-106.991

34.00428

New Mexico

1696.54

Sceloporus poinsettii

SCPO218

-108.059

33.1791

New Mexico

2010.12

Sceloporus poinsettii

SCPO222

-108.291

33.19489

New Mexico

1974.98

Sceloporus poinsettii

SCPO232

-107.822

32.89979

New Mexico

2124.86

Sceloporus poinsettii

SCPO234

-107.921

33.02974

New Mexico

2439.41

Sceloporus poinsettii

SCPO245

-108.253

33.44577

New Mexico

2374.72

Sceloporus poinsettii

SCPO257

-108.174

32.95599

New Mexico

2175.46

Sceloporus poinsettii

SCPO259

-107.769

32.92285

New Mexico

2672.46

Sceloporus poinsettii

SCPO283

-108.138

32.82116

New Mexico

1930.83

Sceloporus poinsettii

SCPO299

-108.262

33.33425

New Mexico

2270.41

Sceloporus poinsettii

SCPO301

-108.576

33.20358

New Mexico

1925.14

Sceloporus poinsettii

SCPO305

-108.231

32.89861

New Mexico

2031.53

Sceloporus poinsettii

SCPO335

-108.907

33.35097

New Mexico

1461.58

Sceloporus poinsettii

SCPO378

-108.618

33.5503

New Mexico

2192.79

Sceloporus poinsettii

SCPO441

-107.798

33.12177

New Mexico

2524.87

Sceloporus poinsettii

SCPO449

-108.425

32.58182

New Mexico

2419.32

Sceloporus poinsettii

SCPO507

-107.148

34.06295

New Mexico

2155.51

Sceloporus poinsettii

SCPO549

-108.299

32.80366

New Mexico

1865.45

Sceloporus poinsettii

SCPO595

-107.219

34.17928

New Mexico

1924.1

Sceloporus poinsettii

SCPO599

-107.21

34.04158

New Mexico

2383.04

Sceloporus poinsettii

SCPO609

-108.376

33.37479

New Mexico

2157.08

Sceloporus poinsettii

SCPO691

-108.524

32.52964

New Mexico

1787.05

Sceloporus poinsettii

SCPO716

-107.084

33.90711

New Mexico

1959.65

Sceloporus poinsettii

SCPO739

-108.368

33.30069

New Mexico

2235.08

Sceloporus poinsettii

SCPO766

-107.581

33.67371

New Mexico

2175.59

Sceloporus poinsettii

SCPO769

-107.629

33.40885

New Mexico

2157.08

Sceloporus poinsettii

SCPO806

-107.548

33.6983

New Mexico

2147.61

Sceloporus poinsettii

SCPO824

-108.869

31.94327

New Mexico

1338.36

Sceloporus poinsettii

SCPO875

-108.114

33.39111

New Mexico

1996.55

Sceloporus poinsettii

SCPO897

-108.164

33.0339

New Mexico

1881.77

Sceloporus poinsettii

SCPO913

-107.593

33.56865

New Mexico

1876.99

Sceloporus poinsettii

SCPO922

-107.009

33.7226

New Mexico

1436.21

Sceloporus poinsettii

SCPO923

-108.492

33.41535

New Mexico

2217.22

Sceloporus poinsettii

SCPO958

-107.415

33.49383

New Mexico

2063.76

Sceloporus poinsettii

SCPO959

-107.517

33.92271

New Mexico

2545.16

Sceloporus poinsettii

SCPO962

-107.594

33.8599

New Mexico

2533.23

Sceloporus poinsettii

SCPO963

-108.491

32.6149

New Mexico

1971.74

Sceloporus poinsettii

SCPO981

-107.282

34.29557

New Mexico

2126.56

Sceloporus poinsettii

SCPO984

-107.825

33.16285

New Mexico

2635.18
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